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“Live everyday like it’s your last.”
Sohasini Sudtharalingam
Abstract
This thesis considers the techno-economic feasibility of micro combine heat and
power (micro-CHP) units within individual dwellings. A cost-minimisation unit-
commitment control strategy is applied so that units are operated in their most
advantageous fashion in various scenarios. A variety of dwelling types and energy
needs were modelled (with data from the Carbon Trust field trial) and a set of
sample days chosen to represent seasonal changes. Four different micro-CHP tech-
nologies were examined and thermal storage and auxiliary heating considered. The
objective was to establish whether a possible introduction of Real Time Pricing
(RTP) of energy would affect the viability of micro-CHP and to establish which,
if any, support mechanisms might be appropriate.
The results show that fuel cell micro-CHPs out-performed the engine-based micro-
CHP in most aspects. Low heat to electricity ratio is a desired characteristic given
that the electricity price is typically significantly higher than that of gas and a
higher production of on-site electricity is favourable.
The results show that significant reduction in energy bills (electricity and gas)
are possible under RTP compared to fixed tariffs but, in most cases, are not
sufficient to cover the capital costs of the micro-CHP. Adoption of micro-CHP
becomes tenable when financial incentives such as capital grants and operational
cost support (such as Feed in Tariffs, FiT) exist. The results show FiT to be
effective from both the consumers’ and a government’s points of view. However,
operational cost support alone might not be sufficient to encourage uptake of
micro-CHPs and therefore a loan scheme, which supports the initial cost, should
be implemented in parallel.
iii
A study of CO2 emissions showed that the extent emissions reduction contributed
by micro-CHPs is strongly dependent on the type of micro-CHP used and some-
what less influenced by the price of energy.
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Chapter 1
Introduction
Climate change is a serious issue that all nations aim to tackle. In the Climate
Change Act 2008, the UK government set out a strict target for Green House Gas
(GHG) emissions reduction. The CO2 emission are set to be reduced by 80% of
the 1990 levels by 2050 [1]. Alongside emissions reduction, the UK government
has other objectives to meet such as ensuring energy security, affordability and
sustainability, which were outlined in the Climate Change and Sustainable Energy
Act 2006 [2]. In order to tackle the climate change issue, it is important to identify
the main sources of emissions. Emissions are mainly caused by conversion of energy
from a hydrocarbon form to another, more useful, form of energy. Some emissions
arise from losses involved in transportation of that energy.
The main contributions to demand for energy are; industry, transport and the
domestic1 sector. The trend of demand for energy from these sectors from 1970
to 2008 in the UK is shown in Figure 1.1. The composition of demand from
the different sectors has changed over the last four decades. Energy demand in
the industrial sector has reduced dramatically, with about 50% decrease in 2009
compared to the demand in 1971 [3]. This might be attributed to the fact that
the UK has moved away from being an industrial-based nation to become the
service-based nation that it is now [4]. Energy consumption in both transport and
the domestic sector has increased in the same period. There has been an increase
of 24% in domestic sector energy consumption over those years and a somewhat
higher rise is seen in transport energy consumption [3]. The transport sector has
1The terms domestic and residential are used interchangeably.
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Figure 1.1: Final energy consumption by end user shows the steady increase
in domestic energy use over the last four decades. Data source: Department of
Energy and Climate Change [3]
over taken the industrial sector as the highest energy consuming component and
has maintained its lead since 1990.
Domestic energy consumption remains in second place and currently represents
32% of the total energy consumption in the UK [3]. Since this is a significant
amount in the UK, measures are needed to reduce consumption in this sector [5].
Electricity production plays a major role in providing energy to the nation and thus
contributes about a third of the CO2 emissions in the UK [6]. Therefore, electricity
production is an area in which a huge reduction in CO2 emissions should be sought.
Based on the past trend in electricity demand [3], it is predicted that demand for
electricity will increase in the future, despite improvements in efficiencies. This
could be exacerbated by the introduction of electric cars in the near future. One of
the solutions is to look for alternative ways to generate electricity, using renewable
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Figure 1.2: The electricity generation mix of fuel for years 1990 to 2009. The
other fuel component consist of natural flow hydro, coke oven gas, blast furnace
gas, waste products from chemical processes, sludge gas, refuse derived fuels
other renewable sources including wind. Data source: Department of Energy
and Climate Change [7]
sources such as wind and the sun. Another is to improve the efficiency of generation
and delivery of power to the end users.
The electricity generation mix in the UK has been changing over the years. These
changes are driven not only by fuel prices, but also by legislation. Before the
liberalisation of the UK electricity market in 1990, and prior to the ‘dash for
gas’2, the UK was reliant on coal, nuclear and oil for electricity production [8].
When gas became cheaper, many new combined cycle gas turbine plants were
constructed and generation from these gas power plants increased dramatically
from 1993 onwards [7]. This trend can be observed in Figure 1.2. Although the
amount of emissions produced by gas power plants is less compared to oil and
2The dash for gas occurred in the early 1990s when gas prices were cheaper than coal and
many gas power plants were built to take advantage of the lower gas prices [8].
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coal power plants, the incorporation of gas in the electricity mix was driven by
the prices of primary energy, not environmental concerns. There was a 15% fall in
CO2 emissions from power plants in the UK in 1993 compared to 1990, from the
change in generation mix [6].
After the ratification of the Kyoto Protocol in 1997, the UK government has
been actively trying to curb emissions through legislation. The introduction of
renewable targets and incentives in the past decade has driven more wind turbines
to be installed and subsequently the proportion of wind power generation has
increased. The capacity of onshore and offshore wind generation in 2010 has more
than tripled since 2005 [9]. These changes in the generating portfolio have caused
the decrease in the total CO2 emissions by 10% in 2008, compared to the levels
in 1990 [9]. However, this only reflects an average CO2 reduction rate of less than
1% a year over the 18-year period. A further reduction of 70% in the coming 40
years is needed to meet the government targets, which means the future average
CO2 reduction rate will have to be doubled.
Although steps have been taken to reduce CO2 emissions in the electricity sector,
changes in the generation side alone will not be sufficient to reach the CO2 reduc-
tion and higher efficiency targets. There should be changes from the demand side
as well.
Active demand side participation in the energy sector is important to meet the
future of electricity grids, known as SmartGrids. The European Technology Plat-
form for SmartGrid defined SmartGrid as
‘electricity networks that can intelligently integrate the behaviour and
actions of all users connected to it - generators, consumers and those
that do both in order to efficiently deliver sustainable, economic and
secure electricity supplies.’ [10]
Most countries are moving towards implementing SmartGrid which will enable
more transparency, information transfer and control of the different elements in
the network [11].
Having identified the domestic sector as contributing a significant amount of the
energy demand, and hence emissions in the UK, demand side here will be fo-
cused on domestic consumers. Demand side changes can be further split into two
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categories, which are reduction in overall demand for electricity and generating
electricity (and/or heat) locally3 via low carbon methods.
To reduce the overall energy demand4, consumers need to change their lifestyle
and switch to energy efficient appliances. Legislation has changed over the years,
encouraging adoption of energy efficient electrical appliances as well as giving in-
centives to better insulate domestic dwellings. However, the most effective way
to reduce the demand, as seen in the last few years, is the increase in electricity
and gas prices. Forward energy prices for gas and electricity in the UK increased
during the winter of 2008/2009 [3]. Many suppliers increased their energy tariffs
in light of increases in wholesale energy prices. Although the wholesale energy
prices subsequently fell, suppliers kept the high retail energy prices due to the na-
ture of prices being sticky downwards5. During this period, domestic consumers
were affected the most, given their inability to negotiate deals with suppliers com-
pared to larger consumers. It was observed that the energy consumption by the
domestic sector decreased by 2.6% in 2009 compared to 2008 [12]. This is just an
observation, which could be linked to the higher prices pushing demand for energy
downwards.
The second method of tackling changes from the demand side is to use more
efficient methods of producing heat and electricity at home via the different tech-
nologies currently available. There are various policies in the UK that support
generation of electricity and/or heat via renewable sources and distributed gener-
ators [13, 14, 15, 16].
Distributed generators are becoming more important in the present day as they
allow the use of small scale renewable sources, making them more green. Also,
with generation of electricity and/or heat nearer to the location of the end user,
there will be a reduction in losses due to transmission over long distances. When
there is generation for consumption on-site, reduction in the usage of transmission
lines increases the overall efficiency of energy conversion, leading to less use of fuel
being used and reduction in CO2 emissions per unit of electricity used.
3Locally refers to generation of electricity and/or heat in domestic dwellings, at the point of
consumption.
4Energy demand from here forth refers to demand for both electricity and gas.
5Prices tend to be sticky downwards in which producers will pass the increase in price to their
customers when their input costs go up but will take a long time to reduce prices when input
prices go down.
Chapter 1. Introduction 9
‘The location of distributed generation is defined as the installation
and operation of electric power generation units connected directly to
the distribution network or connected to the network on the customer
site of the meter’ [17]
Within the distribution network, there are many voltage levels at which different
types of loads are connected and hence the size of the distributed generator will
be primarily based on the load(s) that it plans to serve. Distributed generators
are usually sized below 300MW [17]. In the UK, the point at which the trans-
mission network is connected to the distribution networks is known as the Grid
Supply Point (GSP). At the distribution side of the GSP, voltages are usually
stepped down from 400kV, 275kV or 132kV to either 33kV or 11kV, in stages [11].
The voltage is further stepped down to 400V (three-phase) and this is then split
into single-phase lines supplying electricity to domestic consumers at 230V, where
microgenerators are often connected.
Microgenerators are the smallest scale of distributed generators and are used at
the consumers’ homes to meet on-site demand. These include renewable units such
as micro wind turbine and solar photovoltaic panels as well as electricity or gas fu-
elled units such as heat pumps and micro combined heat and power (micro-CHP) 6
units. These small scale distributed generators are designed to provide electricity
and/or heat to meet on-site demand. For electricity producing units, import/ex-
port of excess electricity demanded/production is possible due to the connection
to the electricity grid. Unlike in the past, these units can now be connected to
the grid, without prior permission from the Distributed Network Operator (DNO)
[18], simplifying the process of connection of microgenerators. One of the technical
limitations of micro-CHPs is the maximum power capacity, known as the name-
plate capacity. Although the nameplate capacity for microgenerators is defined
as being below 5kW [17], in practice however, the maximum size depends on the
voltage levels at which they are connected. Every dwelling in the UK is connected
to 230V (single phase) at the Low Voltage (LV) point. Since they do not require
permission for connecting a microgenerator with currents up to 16 Amp [18], a
maximum power of 3.68 kW is assumed. Suitable sizing of micro-CHP units is
discussed in Chapter 2.
6Micro-CHP can be fuelled by natural gas or renewable sources such as biomass
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In this thesis, the focus of the analyses carried out is on micro-CHP systems which
are further divided into engine based and fuel cell based. There are several reasons
why micro-CHPs were chosen over other technologies for the analyses within this
thesis. Firstly, they are more controllable and their output can be guaranteed,
compared to other renewable based microgenerators (as long as there is supply
of fuel). Secondly, they produce heat and electricity within one device. Thirdly,
the physical size of these units are similar to a domestic gas boiler and can be
placed where the boiler used to be rather than have a separate place allocated for
it. Micro-CHPs can effectively act as a substitute for domestic gas boilers, which
makes marketing micro-CHPs to domestic consumers an easier task. Further, a
SmartGrid could enable better operation of micro-CHPs and enable them to be
part of the UK’s long term plan to achieve a low carbon electricity system.
1.1 Motivation
Despite having the ability to reduce CO2 emissions, micro-CHP units are not
very popular in the UK. Although numerous policies are in place to support their
deployment [13, 14, 15, 16, 19], the adoption is almost non-existent, except for
those consumers who were given a unit as part of a trial. There are a few main
reasons for this. Firstly, the estimated capital and installation costs are very high
such that even with energy cost savings over the lifetime of the micro-CHP unit,
some consumers might not fully recoup their initial cost. Secondly, there is limited
availability of micro-CHP units in the UK. Thirdly, there is not enough information
to enable consumers to make an informed choice to purchase micro-CHP instead
of another domestic boiler or other microgenerators.
Having identified that CO2 reduction can be achieved via the domestic sector using
micro-CHPs, the question to address is the economic viability of micro-CHP units
in the UK. In this thesis, the following research questions will be addressed:
1. Researchers in the past have carried out economic feasibility analysis using
fixed tariffs, known as Average Pricing (AP), and these studies show that
micro-CHPs do not appear to be economically favourable. One of the aims
of this research is to investigate whether Real Time Pricing (RTP) at do-
mestic levels would make these micro-CHP units more or less economically
attractive to consumers.
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2. As well as the economic viability, it is helpful to investigate whether there
is a difference in the amount of CO2 emitted by domestic dwellings when
different pricing schemes are used.
3. The effect of high penetration of micro-CHPs in the UK on the national
electricity load profile will be assessed. This will be identified for the different
seasons in the UK, given that the load profiles as well as the generation from
the micro-CHPs differ between seasons.
4. When the different technical and economic parameters of the micro-CHPs
change, the effect on the overall savings will be compared and contrasted
using AP and RTP. The parameters that cause the largest changes in overall
cost will be identified.
5. The CO2 intensity of the electricity grid has changed over time and might
continue to change in the future as the generation mix changes. Using the
assumption of a range of grid emissions factor7, estimation of CO2 emis-
sions of the various domestic dwellings will be compared. The relevance of
micro-CHPs in the present time, and more importantly, in the future will be
discussed.
6. The Feed-in Tariff (FiT), introduced in the UK in April 2010, will play an
important role in micro-CHP adoption. The extent of savings that con-
sumers achieve with FiT and other policies related to micro-CHPs will be
investigated to identify the total cost of the scheme.
1.2 Thesis Outline
In Chapter 2, a review of the existing literature and necessary background infor-
mation needed for this thesis will be presented. First, the trend of the domestic
demand for electricity and gas in the UK will be presented. Then, the housing mix
in the UK will be outlined. Following that, the description of the different micro-
CHP technologies and the review of the potential market for micro-CHP units
will be covered. A brief overview on the different connectivity of micro-CHPs will
follow. Subsequently, the economics of micro-CHPs will be discussed, followed by
a review of the different control strategies to operate micro-CHPs.
7Grid emissions factor is the CO2 intensity of the grid
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In Chapter 3, the cost minimisation unit commitment approach is described. The
model chosen was the most relevant model available in the literature that is able
to carry out the analyses in this thesis. The sampling methodology which leads to
the selection of sample dwellings and the sample days that were used in the analy-
ses will be discussed. Then, the data for the different pricing schemes, namely AP
and RTP is presented. A brief description of the reference case will be presented.
Following this, the results showing the proportion of domestic demand being met
by the different micro-CHP technologies and pricing schemes will be discussed.
Then, the savings achieved from the different dwellings as well as the CO2 emis-
sions reduction will be compared with the reference case. Subsequently, the peak
electricity load reduction due to a high penetration of micro-CHPs in the UK, for
each season, will be discussed. Lastly, a review on the impact on the national gas
demand will follow.
Chapter 4 is split into three main sections. In the first part, an analysis of the
sensitivity of the cost minimisation to a range of technical paramaters of micro-
CHPs is tested to determine which of these have high impact on the operating
cost. These parameters include, among others, the efficiencies, ramp rates and
nameplate capacities of the micro-CHPs. In the second part, the different economic
parameters such as the rates of return and maintenance cost will be analysed. The
feasibility of the micro-CHP with respect to the different investment criteria, i.e.
pay back time and net present value will be evaluated for the different dwellings.
The last section of Chapter 4 deals with the sensitivities of CO2 emissions, to
different grid emissions factors, with a discussion on how the value of the grid
emissions factor determines the environmental viability of micro-CHPs. A review
of how a CO2 - minimisation despatch strategy will also be done.
In Chapter 5, a comparison between the different policies that are affecting the
micro-CHP adoption in the UK will be presented. The comparison of the total
cost, of each scheme will be discussed. Then, the investigation will focus on
the affordability of micro-CHPs for domestic consumers, in light of the various
supporting policies. Following that, the affect of the micro-CHPs’ lifetime and
its different repayment schemes8 on the affordability of micro-CHPs for domestic
consumers will be discussed. Lastly, the cost of the support schemes in terms of a
unit of CO2 emissions reduced are compared and discussed.
8Repayment schemes refers to a payment structure where consumers will have to repay the
initial cost of the micro-CHPs through the saving that they obtain. This will be discussed in
Chapter 5.
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Finally, the conclusions will be presented in Chapter 6 where the key findings will
be highlighted. This will be followed by recommendations for further research.
Chapter 2
Background and Literature
Review
This chapter reviews background research and information relevant to micro-CHP
and discusses literature that has been published in the area. The topics covered
include trends in UK domestic energy demand, the housing mix in the UK, the
different micro-CHP technologies, the market size for micro-CHPs in the UK and
the factors affecting the economics of the micro-CHP technologies. Finally, the
different control strategies of operating the micro-CHPs that have been used in
the literature are compared.
2.1 Residential Energy Demand
The focus of this thesis is the residential1 sector. The residential sector contributes
about a third of the UK electricity load2. Reducing the load from this sector can
lower both the peak electricity load and CO2 emissions in the UK. Micro-CHP has
been identified as one of the group of technologies that can bridge the gap between
the current and the future UK energy scenarios in terms of meeting residential
energy demand through low carbon domestic generation of heat and electricity.
Before going into the technical and economic aspects of micro-CHP, the underlying
trends in the residential energy3 load is investigated.
1residential and domestic are used interchangeably
2load and demand are used interchangeably
3energy refers to electricity and heat/gas
14
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2.1.1 Residential Energy Load Profile
The UK national electricity load consists of three major groups; the industrial,
commercial and residential sectors. The three sectors have different load profiles,
which means that the peak load for each category occurs at a different time.
For non-domestic consumers, electricity load is the highest between 9.30am and
4.30pm, which corresponds to the business operation time [20]. However, there are
two periods during a day in which the load in the domestic sector is high. The time
in which the highest block of demand occurs immediately after the block of high
electricity load in the commercial and industrial sectors (around 17.30 to 22.15),
whereas the second highest occurs before this block (around 07.30 to 9.15am) [20].
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Figure 2.1: The daily electricity load profile for the average residential con-
sumer under the unrestricted tariff Data source: United Kingdom Energy Re-
search Centre [20]
Chapter 2. Background and Literature Review 16
2002 2003 2004 2005 2006 2007 2008 2009 2010
52
53
54
55
56
57
58
59
60
Year
El
ec
tri
ci
ty
 P
ea
k 
Lo
ad
 (G
W
)
Jan 3, 5.30pm
Jan 6, 5.30pm
Jan 7,
5.30pm
Jan 23, 6.00pm
Jan 24, 5.30pm
Jan 28, 5.30pm
Jan 8, 5.30pm
Feb 2, 6.00pm
Jan 3, 
5.30pm
Figure 2.2: The yearly national peak electricity demand in the UK. Data
source: National Grid [21].
The average residential daily electricity load, under the unrestricted tariff 4, is
shown in Figure 2.1, where the period of the highest load is that observed to be
between 5.30pm and 10.00pm. However, this in an average load profile and it
will differ between different dwellings and different seasons. One of the important
balancing issues in the energy systems is to ensure that the peak load is met, as
and when it occurs. Figure 2.2 shows the yearly national peak electricity load
over the past nine years in the UK, with the time of occurrence. The peak load
has increased by 13.5% over this period, with a huge increase of 12.3% in one
year, between 2005 to 2006, after the introduction of BETTA in 2005, which now
includes demand from Scotland [21]. In the last decade, the annual peak load has
only occurred in the evening, either at 5.30pm or 6.00pm. The high residential
electricity load coincides with the national peak load. Therefore, reducing the
4Unrestricted tariff refers to a fixed tariff for consumption of electricity at any time of the
day. The different residential tariffs are discussed in Section 2.6.2.
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residential electricity load during the peak time will contribute towards reducing
the UK national electricity peak load.
The lower the peak load, the lower the maximum electricity generating capacity
required. Flatter load profiles are also desirable as the average plant load factor 5
will be higher and hence utilisation of power plants will be more efficient, bringing
down the cost per unit of electricity produced [22, 23].
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Figure 2.3: The typical daily hot water and space heating load of an average
dwelling in the UK Data source: [24]
Having a microgenerator producing electricity during the times of peak electricity
load is desirable as it will remove part of the domestic electricity demand from the
national load profile. The peak load in the UK occurs during the winter season and
therefore, a joint heat and electricity producing device, especially in the domestic
sector, will have the potential to reduce the peak load.
5Load factor is the ratio of the average load to the peak load [22].
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Heat load in individual dwellings can be split into two components; space heating
and hot water. The typical profiles for these loads are shown in Figure 2.3. The
two peak heat load times, in Figure 2.3 coincide with the daily peak electricity
load times of a typical average residential dwelling [24]. Therefore, a co-generating
unit seems like a feasible solution to reducing the peak electricity load.
It is assumed that by installing a large number of micro-CHPs, fewer large power
plants will be required in the future. However, distributed generators might not
necessarily replace a similar amount of capacity of conventional generators in a
like for like basis [11]. In order to maintain the reliability of the electricity grid to
meet the time-varying demands, the capacity required for distributed generators
to displace 1.0 GW of the conventional generator capacity will be higher. In fact,
Hawkes and Leach [25] identified that replacing 1.0 GW of conventional plant
capacity will require the installation of micro-CHPs with an aggregated total of 1.1
GW in capacity, in order to maintain the loss of load probability6 of the current
system. The capacity credit7 however, differs between the different micro-CHP
technologies.
2.1.2 Residential Energy Demand Trend and Drivers
Over time, there has been an increase in the number of appliances in domestic
dwellings [26, 27]. This has led to an increase in the total electricity consumption,
despite improvements in efficiencies. Further supporting the notion that future
domestic energy demand will rise is the report from the ‘40% House’ project, which
shows the different scenarios of housing mix in the future [28]. One of the aspects
investigated was the number of occupants per domestic dwelling. This number is
predicted to fall from 2.31 at present time, to about 2.1 in 2050 [28]. With less
people per dwelling, there will be more space in the dwelling per individual, causing
the thermal energy consumption per person to increase. Besides the fact that the
dwelling will have relatively the same or slightly lower heating requirement, some
6Loss of load probability refers to ‘the probability that the system peak demand will be
greater than the available generation (i.e. the probability that the peak demand will not be
met).’ [11]
7‘Capacity credit is given by the ratio of the amount of conventional centralised generation
(in MW) displaced by the introduction of a certain amount of an alternative technology divided
by that amount (in MW) of the alternative introduced, under the requirement that loss of load
probability remains the same before and after introduction of the alternative technology. ’ [25]
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Comparison of the consumption of gas and electricity in the domestic sector
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Comparison of the number of electrical appliances and the domestic electricity consumption
Figure 2.4: Comparison of the number of domestic appliances and the electric-
ity consumption as well as the changes in domestic electricity and gas demand
Data source: Formerly known as Department of Business, Enterprise and Reg-
ulatory Reform [26]
of the common electrical appliances will be shared by fewer number of occupants
in a dwelling.
Figure 2.4 shows the comparison of the trend in domestic electricity consumption
in relation to the trend in the number of domestic appliances and the increase
in both domestic electricity and gas consumption, over 37 years in the UK. The
demand for electricity by the domestic sector has increased by 237% whereas
that of the overall electricity is 49% over that period [26]. The average year on
year increase of domestic consumption of gas was 3.3%, whereas it was 1.1% for
domestic electricity consumption [26]. Therefore, measures need to be taken in
order to reduce the consumption of energy, particularly in the domestic sector,
seeing that the growth in consumption is high.
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2.2 Housing Mix
There are a number of variables that can affect the domestic demand for energy.
These include the type of dwelling, geographic location, occupancy, tenure, and
income of the occupants [30]. The type of dwelling can be divided into single unit
houses, such as bungalows and detached houses, attached dwellings such as semi-
detached houses and terrace houses as well as multiple dwellings in the form of flats.
The size and type of dwellings matter as larger houses with more walls exposed
to the outside will have higher heat load. Dwellings located in the northern part
of the UK will also have high heating requirements compared to those dwellings
in the south due to the temperature differences. In terms of occupancy, a higher
number of occupants per dwelling could increase the overall demand for electricity
due to increase in number of appliances. As for heat demand, the higher number
RENTED OWNED
Private
Registered 
Social 
Landlords
(RSL)
Local 
Authorities
Owner 
Occupied
% 11.9 8.4 9.5 70.2
Not self -
contained
Not self -
contained 1 0.1 0.1 0.1 0.7
Flat/
Maisonette Conversion 4 0.5 0.3 0.4 2.8
Purpose Built 12 1.4 1.0 1.1 8.4
House/
Bungalow Terrace 28 3.3 2.4 2.7 19.7
Semi -
Detached 32 3.8 2.7 3.0 22.5
Detached 23 2.7 1.9 2.2 16.1
Figure 2.5: The composition of the different types of dwellings and the types
of ownership in the UK Data source: National Housing Statistics [29]
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of occupants could potentially increase the proportion of time that the dwelling is
occupied and therefore increase the heat demand.
Tenure in the UK can be divided into three types; owner occupiers, Registered
Social Landlords (RSLs) and private landlords, with the first two being more
sensitive to energy bills [29, 31]. The tenure of the dwellings can be related to the
willingness to purchase and install a microgenerator. Lastly, the income of the
occupants play an important part in determining the energy demand as well as
the ability to purchase a microgenerator.
There are currently about 26 million domestic dwellings in the UK and this number
is expected grow in the coming years [29]. Figure 2.5 shows the composition of the
dwellings in the UK. It is assumed that the larger dwellings will be more suited for
adopting micro-CHPs [25, 32]. Smaller dwellings such as flats and maisonettes are
less suited [25, 32]. Based non this assumption, there are 83% of eligible dwellings,
consisting of detached, semi-detached and terrace houses. Furthermore, field trials
such as the Carbon Trust Microgeneration Field did not include smaller dwellings
in their sample and analysis[33].
According to the ‘40% House’ project [28], around 70% of the current dwelling
will still be intact in 2050. In the next four decades, a similar housing landscape
to the current one will exist, although some remedial work on thermal insulation
may have been undertaken. Therefore, there is a need to improve the efficiency
of the energy consumption within the dwellings. Micro-CHPs can play a part in
reducing the overall energy consumption of the current dwellings.
Micro-CHPs can be installed in new dwellings as part of meeting the Zero Carbon
Homes target. The Zero Carbon Home regulation dictates that new buildings
built post-2016 must emit low levels of CO2 or no emissions at all [34]. This
can be achieved by improving the insulation within the dwelling, adopting energy
efficient electrical appliances and installing microgenerators for on-site generation
of electricity and/or heat. In the instance where annual net zero emissions is the
goal for the dwellings, micro-CHP fuelled by biomass, instead of natural gas can
be an option for new dwellings that have the capability [34, 35]. Capability here
refers to among others, the ability of the micro-CHP to use biomass as the fuel,
the likelihood of domestic dwellings to have storage space for the biomass fuel and
the existence of a reliable supply chain of biomass.
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2.3 Micro-CHP Technologies
The main benefit of micro-CHPs is their ability to produce heat and electricity, at
a higher overall efficiency when compared to a combination of conventional fossil
fuel power plants and domestic boilers. Micro-CHPs have high efficiency as the
excess heat produced is used to either provide space heating within the domestic
dwelling or stored in a hot water tank. One drawback of micro-CHPs is that
the electrical efficiency tend to be lower when compared to the larger-sized power
generators of the same technology [36].
A Sankey diagram, Figure 2.6, shows the savings in terms of primary fuel when
comparing a micro-CHP system to conventional generators. A typical average UK
Figure 2.6: Sankey diagram showing the flow of energy from primary fuel to
useful forms of heat and electricity used to power a typical average UK dwelling.
The first diagram shows the reference case and the second, the case with micro-
CHP (solid oxide fuel cell technology). Losses due to conversion of energy and
transportation of electricity are depicted as waste heat. Data adapted from [36]
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dwelling is used and the potential flow of energy from the various sources is shown
for comparison. Excess generation of electricity from the micro-CHP is exported
back to the grid. Based on the net consumption of energy by this average home,
there is a saving of 19% in terms of the overall primary fuel used compared to
the reference case [36]. This can be observed in Figure 2.6 by the amount of
the primary fuel used. The numerical values of the generation and the saving of
primary fuel will differ according to the type of micro-CHPs used as the efficiencies
of the different micro-CHP technologies vary. The comparison in Figure 2.6 was
done using a solid oxide fuel cell micro-CHP technology and the values taken from
Staffell et al. [36].
Figure 2.7 shows the flow of the different elements in a house from the various
sources; the electricity grid, gas network/biomass and water supply. Excess heat
Figure 2.7: Flow of input and output to and from the micro-CHP system in a
domestic dwelling in order to meet electricity demand and heat demand (space
heating and hot water).
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generated is stored in the hot water storage tank. If the heat generated is not suffi-
cient to meet the local demand, the auxiliary boiler will supplement the additional
heat required for hot water and space heating. The micro-CHP is connected to
the electricity grid. Therefore, if the micro-CHP generates less than that required
by the dwelling, the shortfall in demand is provided by the grid. On the other
hand, if excess electricity is generated, they are exported to the grid. Some past
research have included electrical storage in the domestic dwellings and this will be
discussed further in Section 4.1.8 in Chapter 4.
Micro-CHPs can be further classified as engine based systems and fuel cell based
systems. They differ in terms of characteristics and each of the systems has its
advantages and disadvantages. Micro-CHPs are characterised by many aspects,
an important one is the heat to electricity ratio (HER). The HER varies between
the different technologies and manufacturers. The lifetime of most of these units
cannot be accurately predicted, only assumptions can be made. Most boilers have
lifetime of 12 years or more8. However, many researchers in the past have assumed
that micro-CHP systems have a lifetime of ten years [36, 38].
In the next section, the description of the different types of technologies that form
the core of the micro-CHP systems is presented. Although there are many types
of technologies that can make up the main micro-CHP system, only two engine
based and two fuel cell based systems will be discussed in detail and used in all the
analyses carried out. Lastly, a summary of the micro-CHP systems which range
from those still in development phases to those which are already commercialised
will be presented in Table 2.3.2 [39, 40, 41, 42, 43].
2.3.1 Engine Based systems
Two types of engine based systems have been developed into microgenerators;
external combustion engine and internal combustion engine. Within the external
combustion engine, there are a few viable technologies which include Stirling engine
and Rankine engine, with the former being more popularly developed into micro-
CHP systems and analysed in the past [41]. In this section, the operation of
8Many of the companies providing boiler cover will replace a boiler if faulty up to the first
12 years. Watson,J. assumed 12 years lifetime when incorporating a leasing strategy for micro-
CHPs [37]. Since micro-CHP is a new technology, ten years seems appropriate to take into
consideration any degradation in performance over the years.
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both Stirling engine and internal combustion engine will be explored, with the
advantages and disadvantages highlighted.
2.3.1.1 Stirling Engine (SE)
SEs operate using a closed thermodynamic cycle, with a fixed amount of gas, com-
pletely sealed inside the system. This gas fills in the space in the two cylinders
and depending on whether it is in the hot or cold cylinder, would be continuously
heated or cooled by external sources [44]. The heat required to make SEs function
is mainly supplied by external combustion, which enables SEs to be quieter com-
pared to internal combustion engines [38]. The external combustion engine allows
flexibility in the fuel used [45]. Even other non-combustible sources such as solar,
geothermal and nuclear can be used as the heat source, if the micro-CHP systems
are built to utilise these sources. For domestic use, many SE based micro-CHPs
either use natural gas or biomass resources. Most SE based micro-CHP have high
heat to electricity ratio which makes it more suited for dwellings with larger heat
demand [25, 32]. However, due to high heat output, the operation of this system
during the summer months might be hindered or it may only run intermittently
[36].
Although the electrical efficiency of the SE are relatively lower compared to other
micro-CHP systems, it also differs between different SE designs. There are two
designs; kinematic drive and free-piston. Kinematic drive SEs use the mechanical
connection and a crank mechanism to produce rotational energy, such as those
in Whispergen SE [36, 38, 46, 47]. In a free-piston SE, linear alternator is used
to extract electricity, making use of the pressure differentials in the gas chamber
[36, 38]. Examples of this type of SEs are Infinia and Baxi Ecogen [41]. The latter
has a higher electrical efficiency, partly due to its simpler configuration and fewer
moving parts [36, 41].
The gas in the SE is completely sealed and is known as ‘working gas’. There is a
number of processes that cause changes to the pressure, temperature and volume
of a fixed amount of gas inside the closed SE system. These changes causes the
gas to expand and compress which translates into mechanical power that moves
the pistons [44, 48].
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Different topologies for SEs exist with varying number of pistons and cylinders
[46]. All these topologies have similar operation mechanism, which is a cycle of
four states. To explain the operation of a SE, the ‘Alpha’ configuration is used
in Figure 2.8. Throughout the process, the temperature of the gas in each of the
cold and hot pistons is fixed and the gas is either heated or cooled by external
sources [38, 48]. However, the volume and pressure of the gas in the cylinders
change during the isothermal (temperature stays constant) and isometric (volume
stays constant) processes [47]. The effects on the gas can be understood using the
equation for ideal gases.
p = µR
T
V
(2.1)
where
p = Pressure (pa)
µ = Number of kilomoles [kmol]
R = Gas constant [4J/(Kmol)]
T = Temperature [K]
V = Volume [m3]
During the four states of the operation of the SE, the gas moves from the cold to
the hot cylinder and vice-versa causing changes in volume and pressure, moving
the pistons which are connected to the mechanical system in which mechanical
power in converted into electrical power [44, 49]. This is depicted in Figure 2.8.
• State 0 → State 1: Compression (Isothermal)
In State 0, all the gas is in the cold piston; hence the cold piston is at the minimum
level whereas the hot piston is at the maximum level. The cold piston is moved
partially up by a mechanical input power. In an ideal case with constant µ, R and
T , p is inversely related to V ; hence the drop in volume causes pressure in the cold
cylinder to increase by the same magnitude. Heat created during this compression
cycle is removed by the regenerator, which the cylinder is in contact with.
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Figure 2.8: ‘Alpha’ topology where there are two cylinders and two pistons
(a compression piston in the cold cylinder and an expansion piston in the hot
cylinder), separated by a regenerator. Adapted from [47, 48]
?
• State 1 → State 2: Heating (Isometric)
The cold piston is moved all the way up to its maximum position, pushing the gas
to the hot cylinder. The hot piston is then pushed down to the intermediate level.
This time, the volume stays constant. However, when the cold gas travels via the
regenerator to the hot cylinder, its temperature rises and this leads to increase in
pressure which is directly proportional to the ratio of temperatures between the
hot and cold cylinders.
• State 2 → State 3: Expansion (Isothermal)
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When the pressure rises, the gas pushes the hot piston down whilst at the same
time delivering mechanical power which is the useful power produced. As the gas
expands and temperature remains constant, the volume of the gas increases and
this causes the pressure to drop.
• State 3 → State 0: Cooling (Isometric)
The gas is displaced to the cold cylinder and releases most of its heat while passing
through the regenerator. The temperature falls as the gas is transferred and this
causes the pressure in the cold cylinder to drop. The volume of transfer remains
constant and the pistons return to their original position in State 0.
The regenerator acts as a temperature gradient between the hot and cold cylinders
[50]. When the working gas moves from the hot to cold cylinder, the wire screens
or steel wool which make up the regenerator absorbs the heat which is then used
to heat up the gas when it moves in the opposite direction. This dual process
saves energy as the gas is pre-heated or pre-cooled so that it reaches its desired
temperature at the respective cylinders without using up too much additional
external energy. Therefore, the regenerator uses up the heat which would otherwise
be lost and this increases the overall efficiency.
2.3.1.2 Internal Combustion Engine (ICE)
ICEs are similar to automobile engines and are usually used in commercial CHP
systems. However, smaller scale ones are now available for domestic use [41]. One
drawback of ICEs is the high noise level which can limit the location of placement
of the unit in domestic dwellings [36]. To overcome this noise issue, an ICE micro-
CHP can be housed in a sound-proofed enclosure. This will reduce the noise to that
of a refrigerator [36]. However, this will result in additional fitting requirements
and higher initial cost.
The ICE technology is very mature and the energy conversion efficiency is com-
paratively high. These have allowed the development of ICEs with a wide range
of capacities and fuel flexibility that increases its appeal. Therefore, ICEs have
been adopted into co-generation applications in the urban environment within
microgrid schemes [46].
Chapter 2. Background and Literature Review 29
Two main groups of technology are used for power generation in ICEs. These
engines are commonly classified into Otto or Diesel due to their thermodynamic
cycle characteristics. In an Otto engine, a mixture of air and fuel is compressed
in each cylinder and the ignition is provoked by an externally supplied spark
[38]. In a Diesel engine, only air is compressed in the cylinder and the fuel,
which is injected in the cylinder towards the end of the compression stroke, ignites
spontaneously due to the high temperature of the compressed air. The mechanical
energy produced during the combustion process in both engines is then used to
drive a generator. The exhaust heat obtained from the generation procedure is
recovered using heat exchangers and later supplied to the heating system. This
arrangement allows good use of the low-grade heat within the domestic dwelling,
reducing waste significantly.
One issue with this particular type of technology is its low frequency acoustic
noise, which may represent an unpleasant factor in dwellings [38]. Some benefits
these engines have are quick start-up, rapid respond to load variations, and the
capability of using a broad variety of gaseous or liquid fuels, in which diesel and
natural gas are the most popular for micro-CHPs [38].
2.3.2 Fuel Cell Based Systems
Unlike engine based systems that combust fuel to produce electricity and heat,
fuel cells convert chemical energy into electrical energy [51]. The main body of
a fuel cell consists of a conducting electrolyte which is sandwiched between two
porous electrodes (anode and cathode). Batteries are self-contained, whereas a
fuel cell requires two externally supplied reactants, hydrogen and oxygen. For a
generic fuel cell system, Hydrogen (H2) is channelled into the anode (connected to
the positive side of the circuit) whereas oxygen (O2), which is typically supplied
as air is channelled into the cathode (connected to the negative side of the circuit)
[44, 52]. The oxidation process, where electrons are removed from the hydrogen,
occurs in the anode, leaving electrons (e−) and hydrogen ions (H+). The reduction
process, where e− and the H+ are combined with the O2, occurs at the cathode.
Therefore in this example of a fuel cell, the hydrogen at the anode gives up electrons
and is diffused through the electrolyte layer as H+ until it reaches the cathode as
shown in Figure 2.9 [44, 48, 52]. The e− flows through the external circuit creating
an electrical voltage between the electrodes which translates to the production of
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electricity. The oxygen at the cathode receives the e− and combines with the H+
to produce energy and form by-products of this electrochemical process, which are
water and heat.
Figure 2.9: A simplified version of a generic fuel cell system in a residential
dwelling. Adapted from [36, 53, 54]
To produce electricity at a defined rate, the rate of the electrochemical process
needs to be controlled. This rate is inherently determined by the splitting rate
of the hydrogen and oxygen molecules at their respective electrodes. Split rate
can be increased by three methods; increasing the temperature of the fuel cell;
increasing the effective surface area of the electrodes; and using catalysts [49, 55].
Catalysts are usually metals which are used as electrodes to improve the split
rate of the molecules at a lower temperature. Catalysts used differ between the
different types of fuel cells, among others, platinum and nickel [51, 52, 56].
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A simple representation of fuel cell as part of a micro-CHP in a dwelling is shown
in Figure 2.9. Before the electrochemical process can be carried out, fuel and
air needs to be supplied to the fuel cell. The easiest method is to directly feed
hydrogen into the fuel cell. However, supply of hydrogen might not be readily
available all the time. Therefore, conventional hydrocarbon gas (natural gas or
biomass) can be converted to hydrogen via a reformer before being channelled
into the stack of cells [51]. There are two disadvantages of having a reformer-
based system as opposed to direct injection of hydrogen. Firstly, the system has
a longer response time which translates to lower efficiency levels and secondly, it
emits CO2, derived from the hydrocarbon fuel.
Individual fuel cells produce output voltage of less than 1V [44]. Therefore, these
cells have to be connected in series to form a ‘stack’, to obtain an output at a
higher voltage [36, 44]. Fuel cells produce DC, whereas many appliances require
AC; hence it is necessary to convert the output of the fuel cell stack. This is
also required for connection to the electricity grid. As voltage of the fuel cell is
dependent on a variety of aspects such as temperature, pressure and flow rate of
the reactant gases, a power conditioning unit is vital to ensure voltage is main-
tained constant over time and power is delivered at the voltage required by most
applications [51].
Due to the complex relationship between the current produced and the voltage
achieved, a control system is required [36]. The control system has to be in place
to control all aspects of the co-generation of electricity and heat. These ancillary
aspects of the system are vital and known as the balance of plant (BoP) [55].
Variables such as stack temperature, gas flow rates, temperature of heat produced,
cooling, output levels and the reforming process needs to be monitored and this
is done via the controller [51]. The controller also needs to ensure that the start
up and shutdown of fuel cells are done within the allowable range of time that
the system can cope with and this can be a complex process, especially for high
temperature fuel cells which take longer to ramp up or down. The controller
system can be split into three broad categories: the system monitoring where
sensors are placed to monitor certain variables in the fuel cell; the actuation block
which executes changes via switches, pumps or valves; and a central control unit
which overlooks the interaction of the other two control block to ensure stable
output [51].
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Fuel cells can produce two types of heat; a high temperature heat known as high
grade heat and low temperature heat known as low grade heat. They serve different
purposes and in general the former is more versatile and has more economical value.
While the former is useful for many applications such as providing high pressured
steam to produce electricity, providing heat to an absorption chiller for cooling
purposes and providing heating for swimming pools, the latter can only serve as
space heating provider, such as that in domestic dwellings.
There are currently various types of fuel cells and they are mainly named after the
material used to form their electrolyte – alkaline fuel cells (AFC), phosphoric acid
fuel cells (PAFC), molten carbonate (MCFC), polymer electrolyte membrane fuel
cells (PEMFC)9 and solid oxide fuel cells (SOFC). All these fuel cells have dif-
ferent characteristics and applications, but the latter two are the most commonly
developed for micro-CHP systems [41, 54]. The characteristics of a particular fuel
cell not only depend on its electrolyte, but also on its operating temperature, type
of catalyst and its efficiency. The characteristics of the different fuel cells are
summarised in Table 2.1.
Table 2.1: The characteristics of different fuel cells[51, 52, 56]
Fuel Cell Types Operating Catalyst Electrical
Temperature(C) Efficiency(%)
Proton-Exchange 80 Platinum 40-50
Membrane
Fuel Cell(PEMFC)
Alkaline 65-220 Platinum 50
Fuel Cell (AFC)
Phosphoric Acid 150-200 Platinum 40
Fuel Cell(PAFC)
Molten Carbonate 650 Nickel 45-55
Fuel Cell(MCFC)
Solid Oxide 600-1000 Perovskites 50-60
Fuel Cell(SOFC)
Fuel cell micro-CHP systems are more expensive than their engine counterpart
because of the complexity of the processes involved. Only the estimation of the cost
of fuel cell micro-CHP prototypes are available at present. Given that platinum
is an expensive metal, inclusion of platinum in the fuel cell systems will drive
up the cost [57]. Besides that, platinum is sensitive to carbon monoxide (CO)
poisoning, which will lead to inefficient performance over time [44]. Therefore,
9Also known as proton exchange membrane fuel cells
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when reforming the hydrogen using the natural gas supply, an additional reactor
is needed to reduce the CO content of the fuel going into the fuel cell [44]. This is
also an extra cost for the fuel cell system.
Currently, many companies are developing SOFC based micro-CHPs [39, 41].
SOFC can operate with catalyst made from other non-precious metals instead
of platinum. Also, SOFC can be fuelled directly by natural gas, which is readily
available in most of the dwellings in the UK [54]. One downside is that SOFCs
operate at very high temperature. This means longer start up times as well as
higher cost for the BoP of the system, to enable safe operation of the FC system
in a high temperature environment.
The advantage that fuel cell micro-CHPs have over the engine micro-CHPs is the
low HER. Lower heat output enables longer running time of the fuel cell systems
all year round and this includes summer months [36]. Besides, the low HER will
enable adoption of these systems in a diverse range of dwellings.
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2.4 Market for Micro-CHPs in the UK
In this section, the market size for micro-CHPs in the UK is explored. This
is important to gauge whether there are sufficient buyers to enable future mass
production in order to drive down the costs. This will be followed by the social
and behavioural factors that might influence the uptake of micro-CHPs in the UK.
Following that, the effect of the theory of diffusion of innovation and disruptive
technology in relation to micro-CHPs is explored.
2.4.1 Market Size
In order to gauge the market size of a new technology, it is vital to identify the
market/consumers that the new technology is aiming at. It is also important to
identify the current product(s) serving the same functions that consumers need.
The substitute products will be competing for the same market share as micro-
CHPs. Domestic boilers are the main competitor for micro-CHPs in the current
domestic market for household heating provision. However, there are a number of
competing microgeneration technologies, such as heat pumps, solar photovoltaic
panels and micro-wind turbines. Therefore, the domestic market will be shared
amongst these competing technologies.
There are two methods by which micro-CHPs can be adopted; through replace-
ment of broken down boilers and in new buildings, in which the developers aim
to adhere to strict building regulations regarding energy efficiencies. Figure 2.10
illustrates the size of the boiler market in the UK, Germany, Japan, the Nether-
lands and Denmark. The other countries, are more advanced or in a similar stage
to the UK, in terms of adoption of microgenerators in their domestic sector.
The UK has a sizeable market for replacement and new purchases of boilers, with
an annual sales of 1.6 million [58]. In 2008, there were about 160,000 new dwellings
in the UK [59], which include all types: detached, semi-detached, terrace houses
and flats. The new dwellings only represents a tenth of the potential of the boiler
market. The main reason for this high number of annual boiler purchasers is the
fact that many of the domestic dwellings in the UK generate their own heat via
gas boilers. Currently, district heating only provides 2% of the UK heat supply
in commercial and recreational buildings as well as a very small number domestic
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Figure 2.10: Yearly market size for domestic heating technologies for the UK,
Germany, Japan, the Netherlands and Denmark. Data from [58]
dwellings [60]. In the other countries such as Denmark, district heating is popular
in certain areas where heat from larger CHP plants are channelled through to
domestic dwellings through heat networks already in place [61]. Therefore, the
boiler market in Denmark is merely 30,000 [58].
Using the assumption that 83% of the dwellings in the UK for micro-CHPs being
eligible as presented in Subsection 2.1.2, and comparing the size of the boiler
market, there is a market of around 1.3 million potential purchases of micro-
CHPs. However, new technologies, such as micro-CHPs, might find it difficult to
penetrate this market, especially when there are alternative products/technologies
present. This is particularly true in the case of domestic boilers, which consumers
are more familiar with [62]. In addition, as most new technologies, micro-CHPs
are still expensive and thus not attractive in terms of the economics that they
present, especially to consumers that are looking for short term gains.
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The uptake of micro-CHP heavily depends on the logistic infrastructure and fi-
nancial support available. Logistic infrastructure refers to the ease of connectivity
and the availability of certified installers of new microgenerators, whereas finan-
cial support refers to among others, monetary grants, favourable tariffs and tax
relief. In the UK, domestic consumers can now connect a microgenerator10 in their
home to the electricity grid, without any prior permission from the Distributed
Network Operators (DNOs) [18]. For micro-CHPs, there is currently only one
certified product, Baxi Ecogen, which is a heat led micro-CHP and eight certified
micro-CHP installers in various locations in the UK [63].
Many local and international companies are in the late stages of the development
process of micro-CHPs, some undergoing commercial development, which is not
far from being accredited as a certified manufacturer whereas others are still in
laboratory testing stages or in field trials stages [39, 40, 41, 42, 43]. A few of
the micro-CHP developers have made deals with a number of the domestic energy
suppliers in the UK. For example, Centrica has placed an order of 37,500 units of
fuel cell micro-CHP systems produced by Ceres Power, which are expected to be
commercialised in the middle of 2012 [39, 41]. An Australian fuel cell micro-CHP
developer, Ceramic Fuel Cells Limited has a number of partnerships with domestic
energy suppliers around the world, and has chosen E.on to collaborate with in the
UK [64].
2.4.2 Diffusion of Innovation and Disruptive Technology
Theories
Everett Rogers [65] in his diffusion of innovation theory, argued that consumers
can be segmented into five categories: innovators, early adopters, early majority,
late majority and laggards as shown in Figure 2.11. Each of these consumer
groups has different motivations and therefore varied methods are needed to target
these consumers. According to Fischer and Sauter [66], consumers in the UK are
more conservative compared to those in Japan and Germany. Therefore different
strategies to encourage the adoption of micro-CHP amongst consumers in the
UK will be required. In addition, they might need more support compared to
consumers in other countries, before being able to see the feasibility of adopting a
new domestic heating technology.
10less than 16 Amps
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Figure 2.11: Diffusion of innovation curve shows the five categories of inno-
vativeness. Adapted from [65]
Currently, micro-CHPs have not captured the mainstream market in the UK.
Many studies and field trials have been done in the past decade, but the majority
of the micro-CHP technologies are yet to be fully commercialised. At the moment,
consumers cannot obtain a micro-CHP in a similar manner to how they would
obtain a new boiler. At present, they will have to go through a certified installer
who will then source the micro-CHP from a certified manufacturer. Although
there are a few micro-CHPs in operation now, they are mostly given to consumers
as part of trials by retailers or quangos11 in the UK. In these instances, cost of
purchasing the unit is not an issue for the consumers. At the moment, those
consumers willing to replace their boilers with micro-CHPs can be categorised as
innovators.
In the next stage in the diffusion curve, there are the early adopters, who are
consumers who are willing to get a new technology as soon as it is commercialised,
even though the costs are still high. They do it because they like trying new
11Quangos (Quasi-Autonomous Non-Governmental Organisation) are organisations in the UK
who act independently, but are financially supported by the government.
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things or they enjoy being one of the first few with a new technology. After this
point, demand increases such that there is enough demand for mass production
of the devices leading to downward trend in costs of production, attracting more
consumers in the early majority followed by the late majority sections of the
diffusion of innovation curve. Lastly, laggards are the people who are the last to
get a new technology/product. They are finally convinced that the product is good
or they have no other choice at that point in time as the new technology/product
becomes mainstream.
Micro-CHPs can potentially be a ‘disruptive technology’. A disruptive technology
refers to a new product or system that might create a new market or reshape
the existing one. In this case, it is more of the latter scenario [67, 68]. The large
scale adoption of micro-CHPs could change several things including the generation
mix in the UK, the location of generation, the direction of power flows as well as
the structure of the electricity and gas markets. Micro-CHPs can also lead to
changes in the behaviour of the different players in the market. Consumers will
be more ‘hands-on’ in terms of generating heat and electricity at home. Energy
suppliers will have to change their tariffs reflect prices for export of electricity as
well as be prepared to cater for higher domestic gas demand. Distribution Network
Operators (DNOs) might have to restructure their Distribution Use of System
(DUoS) charges and deal with different challenges in the distribution network
whereas large centralised generators will have less overall electricity demand to
cater to. The system operator might have to deal with a variety of challenges
when balancing the system.
Within this potentially ‘disruptive technology’, a dominant design might emerge.
The dominant design might not necessarily refer to the best technology in the
market, but sometimes it can be the first technology to successfully penetrate the
market [69, 70]. Once a system is set-up and the infrastructure is built to support
a specific system, the technology supported by that system will be the dominant
design and therefore companies are competing to be the first to commercialise
and emerge as the market leader. This will not only enable them to set the
selling price12 of the micro-CHPs, but also to capture the market share earlier on,
enabling them to recoup the costs of their research and development, as well as
allowing them to lower the capital cost in the future due to economies of scale in
production.
12Selling price and capital cost of micro-CHPs are interchangeable
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In order to embrace new technologies such as micro-CHPs, consumers have to be-
come more active13 as energy users, instead of being passive14 as they are currently.
Consumers need to change in order to respond to new active decisions that they
need to make, i.e. purchasing a replacement for their boiler, control strategies for
operation of the new device and possible changes in behaviour in order to save
on their energy bills as well as contribute positively to the environment. Besides
personal driven choices, the role of social network is also key as many of the choices
that people make are affected by those of their friends and families [67].
2.5 Connection Versus Integration of Micro-CHP
Researchers in the past have developed several scenarios describing the opera-
tion and ownership of micro-CHPs. Jim Watson [37] described three scenarios
for ownership of micro-CHPs: Plug and Play, Company Driven and Community
Microgrid. The Plug and Play scenario allows the owners of micro-CHPs, in this
case domestic customers, to operate the device to meet their objective. The last
two scenarios deal with shared ownership and operation. A microgrid is defined
by Chowdhury, S. et al. [44] as:
‘...small-scale, LV CHP supply networks designed to supply electrical
and heat loads for a small community, such as a housing estate or a
suburban locality, or an academic or public community such as a uni-
versity or school, a commercial area, an industrial site, a trading estate
or a municipal region. Microgrid is essentially an active distribution
network because it is the conglomerate of DG systems and different
loads at distribution voltage level.’
A virtual power plant is a concept similar to microgrid where a large number
of micro-CHPs and other distributed generators can be controlled and managed
[71, 72]. Pudjianto, D. et al. [72] discussed the option of segregating the technical
and economical aspects of the virtual power plants. The problems with virtual
power plants are similar to that of microgrids and SmartGrid in general, where the
13Active energy users refer to those who choose to install microgenerators [67].
14Passive energy users refer to those who live in houses already equipped with microgenerators
[67].
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development of information, communication and control infrastructure is needed
in order to make this viable [71, 72]. The other issue is ownership and control.
Based on the German market, Schultz, C. et al. [71] identified that not every
micro-CHP owner wants to be connected to a virtual power plant and therefore
the management and control structure for virtual power plants need to be carefully
designed.
The focus of the thesis is to investigate the feasibility of micro-CHPs in the UK
and hence it has been assumed that the owners will be operating their own micro-
CHP, as in the Plug and Play option. Within the owner-operated scheme, that
the operating methods to maximise consumers’ benefits will be investigated.
2.6 Economics of Micro-CHPs
In order for the micro-CHP to be a worthwhile investment, the consumer purchas-
ing it must be able to at least reach a break even15 point during its lifetime. The
cost of micro-CHP is mainly made of of two components; initial cost and running
cost. Initial cost comprises of the capital and the installation costs of the device.
Running cost consists of maintenance and operational costs. For micro-CHPs, the
operational cost will be the cost of fuel used.
The capital cost of micro-CHPs is currently very high and not comparable to that
of a domestic boiler [36, 53, 67]. Therefore, financial support is important in order
for consumers to adopt these units. Although initial cost is still currently unclear.
the operational cost can be determined to a certain extent. The operational cost
is largely a function of the price of fuel and the number of units of fuel consumed.
Therefore, it is important to understand the different fuel pricing options. Sec-
ondly, the amount of fuel consumed will depend on the control strategy, which is
discussed in Section 2.7.
2.6.1 Spark-spread Ratio
The spark-spread is the ratio of electricity price to the fuel price used to produce
electricity, i.e. the gas price if natural gas is used as the input for micro-CHP. A
15Break even refers to gaining enough savings from an alternative option compared to cover
the initial costs.
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high spark-spread ratio gives better economic value for micro-CHP units. Research
has shown that a minimum value for a spark-spread ratio of 3 is needed in order
for consumers to make the switch to using a micro-CHP economical [73, 74].
The average wholesale energy prices in the UK over 2008/2009 period give an
average spark-spread ratio of 4.2 [75]. Figure 2.12 shows the different spark-spread
ratios for every half-hourly period in a day and the variation of the average ratio
across the different seasons in that year [75]. Autumn and spring seasons are
treated as one, named shoulder season as the demand during these two seasons
appears to be similar in the UK.
The half-hourly spark-spread ratios are based on the average values in the three
seasons. Different days within the season will have different spark-spread values.
Varied spark-spread values will have an impact on the economics of the operation
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Figure 2.12: The spark-spread ratio across the average day and across different
days in the different seasons. Data source: Elexon [75]
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of micro-CHPs. As seen in Figure 2.12, the average ratio is above three for all
seasons, despite the huge variation within each day and between days. In general,
the average spark-spread ratio is higher during summer (5.2), followed by the
shoulder seasons (3.9) and lastly the lowest average seasonal value is during winter
(3.4) [75]. Higher demand for gas during winter drives up the price of gas and this
lowers the spark-spread ratio. In summer, the high electricity prices in relation to
that of gas drive up the spark-spread ratios. However, lack of heat load in this
season might deter the running of micro-CHPs.
2.6.2 Pricing of Energy for Domestic Consumers
In general, there are a number of different pricing scenarios that can be adopted.
Larger industrial and commercial consumers tend to have their own price and
quantity agreement with large generating plants through bilateral contracts. For
domestic consumers however, the price per unit of electricity and gas are set by
their suppliers. In terms of pricing concepts, they can be divided into two major
categories which are static pricing and dynamic pricing. In the UK, only static
pricing is currently offered to domestic consumers as the UK balancing and set-
tlement system does not include microgenerators [76].
• Static Pricing
In the UK, several schemes for the retail price16 of electricity and gas are on offer.
The unrestricted domestic tariff, also known as standard tariff, is a single fixed
price per unit of electricity/gas consumed during any time of the day. There is
also the two tier tariff scheme, where a certain number of the initial electricity/gas
consumption is charged at one price and units consumed above this point are
charged at another price. There are also time of day tariffs such as the Economy
7 tariff which has two blocks of fixed time range giving two different prices: one
during the day (peak hours), which is more expensive, and one at night (off-peak
hours), which is cheaper.
All the existing tariffs are known as average pricing [32]. These prices do not
fluctuate day by day or hour by hour but instead are an average price per unit of
electricity/gas experienced by the suppliers. The average price takes into account
16Retail prices refer to domestic prices.
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the annual cost of buying the energy from the generators, the cost of using the
distribution and transmission networks as well as their margins for providing these
services to the domestic consumers. Average pricing is currently used for domestic
consumers as it is easier to manage compared to the dynamically changing prices
[76, 77]. With the current electricity and gas meters, only average pricing can be
offered to domestic consumers in the UK.
• Dynamic Pricing
Besides static pricing, there are also dynamic pricing schemes, of which some
have been tested out with a selected group of domestic consumers in different
countries [77, 78, 79]. Dynamic pricing could be introduced to domestic consumers,
where the retail electricity price changes according to the time of the day, week or
season. In order to do that, it is necessary to have the communication channels
and infrastructure in place to deliver the time-varying information regarding prices.
With the installation of smart meters in the UK domestic dwellings, the necessary
information can be passed to domestic consumers, which opens up the option
for consumers to be on a dynamic energy pricing scheme. Dynamic pricing has
described by David, A.K. et al. [80] as the following:
‘Dynamic tariffs constitute a mechanism for load management but they
also reflect wider economic rationality.’
The economic rationality is important in order to incentivise the generation of
electricity during peak times. At higher prices, not only is dynamic pricing ben-
eficial in reducing peak demand, which benefits utility companies, but consumers
also benefit from the reduction in their energy bill. Dynamic pricing can be further
split into Time of Use (TOU) pricing, Critical Peak Pricing (CPP) and Real Time
Pricing (RTP). All these mainly refer to electricity prices, as investigated in the
past.
Time of Use (TOU)
Customers are charged with different prices during different time zones in a year
as prices change according to seasons as well as during peak and off-peak times.
However, short term variations and support services that are needed to balance the
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electricity generation and load, whilst maintaining the reliability of the networks,
cannot be met via the TOU charging system [77, 81]. Given that suppliers have
historical data of consumption, they can predict when the peak load during the
year will occur. Hence, TOU prices will be straightforward to set. Nevertheless,
there might be undesirable load shift occurring because TOU prices are set before
the actual generation and consumption of energy occurs [82]. Therefore, if the
predicted peak load duration was between 17:00 and 19:00, and if the actual peak
load occurred outside this predicted timing, preemptive decision to shift a certain
amount of load to anytime pre 17:00 or post 19:00 might exacerbate the volume
of the peak load. In such cases, expensive peaking power plant will have to come
online to support the shortfall in generation, provoking a higher unit price of
electricity at that particular time.
Critical Peak Pricing (CPP)
Customers are charged high prices during peak times but they are notified about
the changes in tariff at least one day in advance so that consumption pattern can
be changed if needed [81]. This requires customers to actively plan their domestic
energy load to avoid paying peak tariffs. A similar problem as given in the example
for TOU prices regarding shifting of loads could occur with CPP.
Real Time Pricing (RTP)
For each unit of gas and electricity used, customers are charged the spot price
from the wholesale market which changes every half an hour [77, 81]. The idea
of giving domestic consumers the option of RTP has been proposed to enable
consumers to change their demand as they see necessary, according to their pre-
set objective [82]. Alvarado, F.L. [83] explored the possibility of having the entire
power system controlled using prices and concluded that it is possible if the current
market structures changed. However, this should be coupled with careful planning
and implementation.
Small scale consumers such as those in the domestic sector have negligible indi-
vidual demand when viewed on a national scale and therefore they have not been
incentivised to change their consumption behaviour in the current pricing scheme.
However, studies have shown that collectively, domestic consumers play an im-
portant role in the electricity sector, contributing a third of the annual electricity
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Figure 2.13: Trend in the average UK household annual income and the
proportion of disposable income spent on energy bills. Dara source: Formerly
known as Department of Business, Enterprise, Regulatory and Reform [26]
demand [3]. These domestic consumers might potentially need to play an en-
hanced role in the near future, where distributed generation systems become part
of many of the domestic dwellings. Therefore pricing strategies need to be changed
to encourage behavioural changes for a more efficient use of energy resources and
energy networks.
Behavioural changes in consumers might be difficult to induce since energy bills
only comprise a small portion of most households’ disposable income. Figure 2.13
shows that the average energy bill in relation to the average annual disposable
income in the UK decreased between 1990 and 2004 [26], but then increased be-
tween 2004 until 2007 [26]. In terms of the percentage of consumers’ income that
goes towards paying energy bills, there is a large difference between average in-
come and low income consumers. This is exacerbated by the fact that low income
owners generally have to pay higher energy bills due to lower insulation level in
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their homes. This can potentially lead to fuel poverty, where more than 10% of
the income of a household goes towards paying their heating bills [84].
An important aspect in relation to the implementation of RTP is the demand
elasticity of consumers. Price elasticity of demand E is defined as the change in
quantity demanded (present demand, Qd compared to the original demand, Qo)
with respect to the change in price, (present price, Pd compared to the original
price,Po). Equation 2.2 shows the degree of sensitivity of consumers to price
changes.
E =
∆Qd/Qo
∆Pd/Po
(2.2)
Different group of consumers react differently to price changes and this might be
due to their income levels and how much satisfaction they derive from reducing
their energy consumption. The income elasticity effect has been studied by various
researchers in the past [80, 85, 86]. For example, people with high income levels
might not be very sensitive to price changes, as the proportion of energy bills
compared to their income is small. However, this depends not only on the income,
but also the level of consumption (high-use versus low-use). Herter, K. [78] con-
cluded that using the critical peak pricing, high income consumers responded more
favourably (by reducing the magnitude of their peak demand) as opposed to low
income customers. However, when looking at the amount of savings achieved, the
low income consumers on average saved 4.0% of their bills compared to 1.7% for
high income consumers [78]. High-use consumers tend to shift more load to other
non-critical times. However, low-use consumers reduced their bill by a larger per-
centage. Therefore, it is clear that consumers with larger demand are more likely
to shift their load and consumers with lower income will be more likely to reduce
consumption, due to their sensitivity to price.
According to David, et al., there is a difference between consumers that optimise
their usage on different to time scales varying from short range17 to long range18
[80]. Real consumers lie between these two extremes. Therefore, it is important to
identify the time range in which consumption or generation can be shifted without
affecting the quality of life for consumers. For the analyses in this thesis, a time
range which reflects the real consumers will be assumed.
17Short range customers only consider changing their demand according to prices in the current
time-step only.
18Long range customers will consider quantities to consume at each time step to maximise
overall benefit over a longer time period.
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There are various issues surrounding RTP that need to be addressed. As men-
tioned by Herter, et al. [78], dynamic pricing schemes can be either mandatory or
voluntary. Mandatory implementation of RTP can be easier and more cost effi-
cient, but might create political retaliations. On the other hand, giving consumers
the option of either having a fixed tariff or accepting RTP makes management of
the whole power system more complex and might not be as cost effective. Also, if
the RTP option is only offered to willing consumers, the adoption of a dual scheme
(RTP and fixed tariff) must be done carefully to minimise cross-subsidisation and
avoid ‘free-riders’19 from benefitting.
In order to implement RTP at domestic levels, a few things have to be in place.
Firstly, there should be a very good bidirectional communication link to support
information flow. Secondly, metering within the dwelling must be provided to
collect and transmit data. Third, the control mechanism for micro-CHPs needs to
be established.
A suitable communication infrastructure is not yet in place to support RTP at
domestic level. The additional cost for this infrastructure as well as equipment
such as smart meters and control systems adds to the difficulty in providing RTP at
that level. However, the move towards SmartGrid will hopefully enable a suitable
communication infrastructure to be implemented [11].
In order to encourage demand side management, it is important to have smart
meters in place. Several countries have taken positive steps on that front. One
such country is Italy, rolling out smart meters to 30 million customers so that they
can monitor and manage their electricity and gas consumption [87, 88]. Sweden
and the Netherlands have government legislation for installing smart meters, and
in Australia and Canada, certain states have started rolling out smart meters [88].
The UK government is planning to roll out smart meters to all houses by the year
2020 [89, 90]. Trials and implementation of smart meters have shown that there
was reduction in peak load observed [91]. Seeing that this is a long term decision
which involves a substantial amount of investment, this needs to be accompanied
by sound knowledge of future use and identification of the useful functionality of
smart meters.
19Free-riders refer to consumers who do not contribute to making the system better, but at
the same time are able to reap the benefits that arise.
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The notion of consumers personally intervening to change their energy demand
is not very feasible, given that most small consumers have relatively inelastic
demand with respect to price or income [85]. However, the increases in energy
prices and increasing awareness of climate change amongst the UK population
may change this elasticity. To require commitment from the consumers to actively
manage new micro-CHP systems is difficult, if their quality of life is affected by it.
Therefore automatic control, with minimal consumer input is necessary in order
to ensure micro-CHPs and RTP are utilised effectively [77]. This controller must
have access to sufficient information in order to make an informed decision for the
course of action to be taken. However, consumers must be able to give overriding
instructions so that the steps taken are not just based on price changes but also the
comfort of the owner [82]. Therefore, it is important to investigate the advantages
and disadvantages of the various control strategies that can be used to operate
domestic micro-CHP systems.
2.7 Control Strategies for Operation of Micro-
CHPs
Micro-CHPs based on the different technologies are still being developed and
tested. The dynamics of these units are still evolving. There are a number of
different control strategies for the operation of these systems in the literature.
Micro-CHP systems are usually supported by an auxiliary boiler that provide
additional heating when required. Besides that, some systems have integrated
thermal storage and/or electrical storage in order to make the overall operation of
micro-CHP systems more flexible. Is it worth noting that the storage of thermal
energy is more convenient and easier than storage of electrical energy. In this
section, a comparison of the various control strategies will be presented, where
advantages and limitations are explored.
Newborough [30] assumed micro-CHPs have two major classifications; network
connected and autonomous systems. The former refers to micro-CHPs connected
to the grid, exporting excess electricity and importing any shortage of electricity
when required. The latter refers to stand alone systems, where the entire domestic
load is met by the micro-CHP, with help of an auxiliary boiler. These systems are
not connected to the grid and as a result, the size of the micro-CHP needs to be site
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specific. This makes it difficult to mass produce any standard unit and will result
in high cost of micro-CHPs. As the majority of the UK dwellings are connected
to the grid and most new micro-CHP systems are developed for grid-connected
applications, only the control strategies of network-connected micro-CHP systems
will be reviewed here.
When micro-CHP systems were first explored for domestic dwellings, it was as-
sumed that they have to be operated on an on/off basis, with no intermediary
set points. This binary approach has been investigated by Newborough [30] and
Cockroft and Kelly [92]. This method of operation can be classified into two modes
of operation. The first involves the micro-CHP being left on continuously for a
few hours a day, often during the high load period, once in the morning and once
in the evening [30]. The second mode is to allow the micro-CHP to constantly
generate heat and electricity throughout the day and probably shut down only
for maintenance purposes. For this mode of operation, the micro-CHP provides
for the base load and hence has to be sized smaller than the requirements of the
dwelling [30]. Neither of these operation modes aim to meet the entire household
energy load via the micro-CHP and allow import/export of shortfall/excess elec-
tricity. However, higher overall efficiency of the system can be achieved due to the
fact that the output is at maximum20.
As micro-CHPs were developed further, partial load operation was envisioned
and became possible over time. Operating at partial load can be beneficial as
the system can follow the heat or electricity load within the dwelling, avoiding
shortfall/excess production in relation to local needs, that the dependency on
the grid (for import/export) is lower than the previous binary operation. The
modulating operation of the micro-CHP was also made possible with advancements
in technology, allowing faster start up and shut down time as well as rapid ramp
rates, enabling the output to increase in a short time [93].
Since micro-CHPs are designed to replace domestic boilers, many researchers mod-
elled the operation of micro-CHPs to follow the heat load in domestic dwellings,
similar to that of boilers. Here, electricity produced is treated as a by-product,
which reduces the overall electricity imported from the grid. The heat-led control
strategy aims to meet the domestic heat load using micro-CHPs and have been
20Efficiencies are higher when micro-CHPs are operated at full load, as opposed to partial
load.
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investigated by [30], [94], [95], [96], and [97]. Technical constraints of the micro-
CHP systems are taken into consideration for this method of operation. Although
heat-led operation follows closely the heat load of the dwelling, the production of
heat can exceed the domestic demand if there is thermal storage available. When
the excess heat produced cannot be stored in the thermal storage (due to capacity
limitation), some of the operating strategies allow the excess heat to be used for
additional space heating which increases the indoor temperature [94] or dumping
of excess heat outdoor [97]. Increasing the indoor temperature might increase the
comfort to a certain extent and might be preferred by some consumers [94]. For
others, dumping of excess heat (indoor or outdoor) might be an option. However,
this reduces the environmental benefits that the micro-CHPs bring and therefore
used in situations where there are no other choices available [97]. The heat-led
operation is best suited for micro-CHPs with high HER such as Stirling engines.
Micro-CHPs with high HER will produce smaller amount of electricity compared
to the amount of heat produced and this shortfall of electricity demand is met by
the grid. Also, using this method, there will be minimal/no excess heat produced.
Another method of operating the micro-CHP is based on an electricity-led control
strategy, which was investigated in [98], [99] and [97]. This involves dispatching
the micro-CHP in order to match closely the electricity load within the dwelling.
Therefore, this control strategy minimises the import and export of electricity
from the grid. As with heat-led operation, there are technical constraints of the
micro-CHP system that need to be considered with the electricity-led operation.
Heat production will be a by-product in this control strategy. Depending on the
HER of the micro-CHP, the heat produced might be lower or higher than the heat
load within the dwelling. Excess heat produced can be channelled to a thermal
storage or even dumped if the thermal storage is at its limit [97, 99]. Shortfall of
the thermal production is first met by the discharge from the thermal storage and
if not sufficient, met by the auxiliary boiler [97].
Unlike the previous operating strategy, the electricity-led operation is best suited
to micro-CHPs with low HER such as fuel cell based micro-CHP systems. This
is because they produce a small amount of heat, which avoids the overloading of
the thermal storage capacity, especially during low heating season, i.e. summer
months. Also, with less excess heat produced, there will be lower amounts or no
heat being dumped. One disadvantage with electricity following control strategy
is that the micro-CHP will not be operating when there is no electricity demand,
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albeit heat demand still being present in the dwelling. In addition, electricity load
is more intermittent compared to heat load and hence will require the micro-CHP
to keep changing its output in order to closely follow the electricity load, which
may cause degradation in certain types of micro-CHP technology. Others might
not be able to follow the load closely due to the time taken to ramp up/down the
output.
Both the heat-led and electricity-led control strategies focus on meeting one of the
domestic energy loads (either heat or electricity). In terms of the cost, these two
methods do not do as well as the least-cost control strategy, employed by Hawkes
and Leach [97], Ren and Gao [100] and Houwig et al. [101]. In terms of cost,
the electricity-led control strategy performs the worst, when compared to heat-
led, least-cost and even constant output control strategies [97, 99]. The least-cost
operating strategy will enable the owner of the micro-CHP system to reduce their
energy bill by meeting the electricity and heat load with the cheapest possible
method, which can be via the micro-CHP or the grid at any point in time. In
general, this control strategy enables the dwelling to save the most on their energy
bill.
Besides the technical constraints, the unit price of fuel (gas) as well as the prices
for electricity imported and electricity exported are crucial factors in deciding
how to meet the energy load of individual dwellings [97]. In the past analyses,
where fixed prices for energy were used, sensitivity analysis regarding the price for
electricity exported were investigated by Hawkes and Leach [97]. For the least-cost
method, the lower electricity export prices, e.g., 0p/kWh, resulted in electricity-
led operation, whereas the higher electricity export prices, e.g., 6p/kWh, dictated
heat-led operation (this is also dependent on the season, with operation during the
summer season being different to that during the shoulder and winter seasons) [97].
For electricity export prices in between those two values (0p/kWh to 6p/kWh),
a combination of heat and electricity led control strategies were adopted. For
the least-cost control strategy, the CO2 emissions reduction is the highest for fuel
cell based micro-CHP [97]. However, for engine based systems, heat-led operation
resulted in higher CO2 emissions reduction [97]. For this control strategy, the
thermal storage is used more compared to the heat-led strategy, which makes the
operation more flexible.
Besides minimising the cost of energy, another objective is to minimise the CO2
emissions of the dwelling with the micro-CHP. This environmental approach was
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investigated by Ren and Gao [100]. The decision to produce electricity/heat and
to combine that with any storage options were based on minimising the overall
CO2 emissions by considering the electricity grid emissions factor and the emis-
sions factor of the natural gas rather than considering prices of gas and electricity
units. Comparing both the control strategies investigated by Ren and Gao, cost-
minimising and CO2-minimising, the latter meets more of the domestic load by
generating more often and storing the excess heat produced. However, when the
cost is considered, the CO2-minimising strategy employed by Ren and Gao [100]
led to 1% less savings compared to the savings in cost-minimising approach.
Despite the various control strategies described, the key to choosing the optimal
control strategy is to identify the objective. This thesis investigates the economic
and environmental feasibility of micro-CHPs and hence the least cost method is the
most suitable from all the options presented in the literature. In the Chapter 3, the
micro-CHP operating strategy, using the least cost method, developed by Hawkes
[102, 103] is described. In the control strategy implemented, no heat dumping is
allowed. Changes implemented to the model, and the input data, including real
time prices of energy and real UK domestic energy load will also be discussed.
Chapter 3
Micro-CHP Cost-Minimisation:
Modelling and Analysis
This chapter will describe the cost minimisation methodology for operating a
micro-CHP, followed by the methodology of choosing the inputs. The input data
include the sample dwellings, sample days and the different pricing schemes. Then,
the reference case used in the analyses will be reviewed. Reference case here refers
to the business as usual scenario where consumers have a boiler at home which
meets the water and space heating demand whereas electricity demand is met by
the grid. This will be followed by the comparison of annual savings of the different
dwellings, CO2 emissions reduction and overall electricity load reduction on the
network. Lastly, a discussion regarding the implication of having micro-CHP as
well as real time prices on the overall gas demand, the need for different meters
and the impact on the investment to upgrade the existing distribution network
will be presented.
3.1 Modelling Approach
When making a decision to choose a technology to replace their boilers consumers
have several things that they would consider. Firstly, many would be concerned
about the initial cost and short term expenditure. In addition, there will be
concerns regarding comfort and lifestyle. Some are even concerned about envi-
ronmental consequences of their actions. Individually, consumers have different
objectives when deciding on their boiler replacement. However, as a whole it is
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assumed that consumers are rational and will make decisions that are beneficial
for them in the long term, i.e. taking into consideration the life cycle of their
new purchase. Their new purchase can a boiler with higher efficiency or com-
peting microgenerators which can be micro-CHPs, solar panels or heat pumps.
For this analysis, it is assumed that the economic metric is the most important
aspect for domestic consumers when making their purchase decision. Therefore,
cost-minimisation seems to be the most appropriate method to run a micro-CHP
to achieve maximum savings.
The modelling of the micro-CHP to meet the thermal and electricity demand
within each of the domestic dwelling was done with an objective function that
minimises the cost. This optimisation of on-site generation of electricity and heat
was performed using Mixed Integer Linear Programming (MILP) which was imple-
mented and solved using FICO Xpress-Optimiser software [104]. This mathemat-
ical software allows all the constraints to be implemented within the optimisation
problem. This optimisation employs uses unit commitment in order to despatch
the generation, which is an extrapolation of how larger electricity generators work.
3.2 Cost-Minimisation Unit Commitment Model
In this section, the objective function and the corresponding constraints are de-
scribed. This model has been developed by Hawkes [102, 103]. The model will be
described before moving on to the different pricing schemes. Figure 3.1 shows the
different data sources and the selected input data used in the cost-minimisation
model in order to get the output data, which is used for the analysis. The sampling
of the input data is explained in Section 3.3.1 and Section 3.4.1. The output data
were then compared to that from the reference case to obtain the results.
3.2.1 Objective Function
The objective of this optimisation is to minimise the cost of energy for a domes-
tic dwelling, using a combination of a micro-CHP, an auxiliary boiler, a thermal
storage and the electricity grid. The possibility of including an electricity storage
in the system is explored in Chapter 4. The total annual energy cost, CAT consist
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Figure 3.1: Input data, output data, reference information and comparative
results for the cost-minimisation model
of two major components; the annual operational cost,CAO and the annual main-
tenance cost, CAM of the domestic energy system. The annual total cost, CAT per
dwelling is the summation of the maintenance cost and the operational cost as
given in Equation 3.1.
CAT = CAO + CAM (3.1)
Maintenance cost comprises of the cost of checking and maintaining the micro-
CHP, the auxiliary boiler and the thermal storage. The annual maintenance cost
can be expressed as per Equation 3.2.
CAM = CmCHP + CmAB + CmthSTO (3.2)
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The annual operation cost, CAO consists of the cost of meeting the electricity
and heat demand within the dwelling. Taking the operation of every day in a
year can be computationally challenging and therefore approximations were used.
Seasonality can be used as an approximation. However, not all the days within
a season will be the same. Therefore, a number of days, N in a season, S were
chosen to represent the overall demand within the dwellings. Further explanation
of the sampling of days will be presented in Section 3.3.1. The annual operating
cost is derived from the summation of all the individual days, taking into account
the weights, W assigned to these days. Days with similar demand are grouped
together, and that group is represented by the day with the average demand. The
weight for that group is represented by the number of days in that group as a
percentage of the total number of days. The annual operating cost is shown in
Equation 3.3.
CAO =
S∑
s=1
N∑
n=1
Cn,sWn,s (3.3)
The objective function implemented within the optimiser minimises the opera-
tional cost on a daily basis. Minimising the daily cost, C requires making decisions
on where to source the electricity from, given the choices available to domestic con-
sumers of producing on-site versus obtaining the electricity from the grid. The
deciding factor is energy cost and therefore prices of the fuel input. In this case,
price of gas, Pg which affects the cost of the output of micro-CHP and auxiliary
boiler, and price of the import of electricity, Pei are important factors. Price of ex-
port of electricity, Pex is also considered. The overall gas usage of the micro-CHP
is derived using the electricity output of the micro-CHP, eCHPu,t divided by the
initial efficiency of the micro-CHP, σCHPu,t and the that of the boiler is based on
boiler output, ABt divided by the efficiency of the boiler, ηAB. Other consumption
such as the electricity and gas consumption during start up, SST and that of shut
down, SSD of the micro-CHP are accounted for in the objective function as shown
in Equation 3.2.1.
C =
∑T
t=1
[(∑U
u=1
(
eCHPu,t
σCHPu,t
)
+ ABtηAB + SST g,t + SSDg,t
)
Pgt
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+ (eit + SST e,t + SSDe,t)Peit−extPext ] (3.4)
3.2.2 Constraints
The objective function is bounded by constraints. The explanation of the con-
straints involved in the optimisation problem are presented here.
3.2.2.1 Micro-CHP Piecewise Despatch Order
The despatch of electricity from micro-CHP is done in a piecewise manner. Split-
ting the capacity of the micro-CHP into U segments, U1 needs to be depatched
before U2 can be despatched and so on. Each of the segments is assigned to a
state, α which is binary. If αu is 1, the full capacity of that segment, has been
Figure 3.2: Despatch of the micro-CHP
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depatched and the next segment, αu+1 can be despatched if needed. State αu = 0
implies that that segment is not fully utilised. Therefore when αu = 0, the elec-
tricity output, eCHPu,t can be 0 up to the point just before the maximum output
for that segment. This despatch strategy only applies for segment 2 onwards. For
the first segment, the output can either be 0 or 1, where α1 = 0 corresponds to
zero output (off-mode) and α1 = 1 corresponds to the minimum output. The
despatch constraints are shown in Equation 3.5, 3.6 and 3.7 and Figure 3.2 shows
the different segment of the micro-CHP capacity.
(du − du−1)αu,t ≤ eCHPu,t (3.5)
eCHPu,t ≤ (du − du−1)αu−1,t (3.6)
αu,t ⊂ 0, 1 (3.7)
where u = 2, ..., U
and t = 1, ..., T
3.2.2.2 Electricity Balance
The electricity demand, De by any dwelling can be met by a combination of
electricity produced by the micro-CHP and the electricity imported from the grid,
eit as shown in Equation 3.8. Any excess production of electricity on-site, ext
will be exported to the grid. Initial investigation in this chapter does not include
electrical storage. However, in Chapter 4, electricity storage is included and to
analyse the changes in the output data, the electricity balance will change as
shown in Equation 3.9 to include charging, echt and discharging, edist of electricity
storage.
Det =
U∑
u=2
eCHPu,t + α1eCHP1,t + eit − ext (3.8)
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Det =
U∑
u=2
CHPu,t + α1eCHP1,t + eit − ext + edist − echt (3.9)
where t = 1, ..., T
3.2.2.3 Heat Balance
The heat demand, Dth of any of the dwellings can be met by a combination of
heat produced by the micro-CHP, the auxiliary boiler and the charging, thcht and
discharging, thdist from the thermal storage as shown in Equation 3.10. Any excess
production of heat will be used to charge the thermal storage, which will then be
used later in the same day of operation.
Dtht =
U∑
u=2
(
eCHPu,t
σCHPu,t
− 1
)
+α1eCHP1,t
(
eCHP1,t
σCHP1,t
− 1
)
+ABt+thdist−thcht (3.10)
where t = 1, ..., T
3.2.2.4 Capacity Limit
All the generating devices should operate within its nameplate output capacity
limit. Equation 3.11 limits the output of the micro-CHP, CAPCHP Equation 3.12
limits the output of the auxiliary boiler, CAPAB and Equation 3.13 puts a cap
on the amount of thermal charge in the thermal storage unit, CAPthSTO . Should
there be an electrical storage, Equation 3.14 limits the amount of electrical charge,
CAPeSTO that can be stored there.
CAPCHP ≥
U∑
u=2
eCHPu,t + α1eCHP1,t (3.11)
CAPAB ≥ ABt (3.12)
CAPthSTO ≥
t∑
i=1
(
thchiηchth −
thdisi
ηdisth
)
(3.13)
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CAPeSTO ≥
t∑
i=1
(
echiηchth −
edisi
ηdisth
)
(3.14)
where t = 1, ..., T
3.2.2.5 Charge and Discharge Rate
The rate at which the thermal storage can be charged, Rthch and discharged Rthdis is
limited due to the technical constraints of the storage unit and these are are shown
in Equations 3.15 and 3.16, as simple relationship of charging and discharging
rates. The rates of charging, Rech and discharging, Redis of the electrical storage
are shown in Equations 3.17 and 3.18.
Rthch ≥ thcht (3.15)
Rthdis ≥ thdist (3.16)
Rech ≥ echt (3.17)
Redis ≥ edist (3.18)
where t = 1, ..., T
3.2.2.6 Ramp Rates
The ramp rate refers to the rate of change of output over a period of time. This
limit is necessary to limit the mechanical stress and degradation of the micro-CHP
system, from the wear and tear of thermal cycling [103]. Therefore, there is a limit
to increase or decrease output from the previous time period and this is given in
Equations 3.19 and 3.20. The ramp limit here refers to the limit on the change in
Chapter 3. Micro-CHP Optimisation: Modelling and Analysis 62
electricity output, where the ramp up, Rrup is the limit on the amount of increase
in generation and the ramp down, Rrdown is the limit on the amount of decrease
in generation, over a period of time.
Rrup ≥
U∑
u=2
eCHPu,t −
U∑
u=2
eCHPu,t−1 (3.19)
Rrdown ≥
U∑
u=2
eCHPu,t−1 −
U∑
u=2
eCHPu,t (3.20)
where t = 2, ..., T
3.2.2.7 Minimum Operation Point
Large thermal generators generally have a minimum point at which it will operate
[105]. The reason for this is that it will be largely inefficient and expensive to
operate below this point. Also it can cause damage to the generator if they do
operate below this point. For the micro-CHP this minimum point is the first
segment of the unit commitment problem. The ratio of the minimum output with
respect to the maximum capacity limit is known as the turndown ratio, TDR,
as shown in Equation 3.21. In the main analyses, the minimum operating point
is assumed to be 20% of the micro-CHP capacity. Past analyses show that most
micro-CHPs do not have modulating capability and therefore can only be in the off
state or fully on state. However, newer models of micro-CHP have the capability
to modulate and and here it is assumed that they will have a minimum operating
point as the larger generators. Below this operating point, it becomes infeasible
or not economical to be operated. Assumptions were made with regards to the
minimum operating point and a range of different values are further explored in
Section 4.1.6.
TDR =
d1
CAPCHP
(3.21)
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3.2.2.8 Minimum Up and Down Times
To minimise the wear and tear due to rapid thermal cycling1, generators are usually
kept running or turned off for a certain number of consecutive time period [105].
Therefore, there needs to be a minimum set time for the micro-CHP to be in their
on state and off state. This is especially true for fuel cells systems such as SOFC,
which operate at high temperatures. The minimum up and down down times are
summarised in Equations 3.22 and 3.23.
α1,t−1 − α1,t + α1,τ ≥ 0 (3.22)
where τ = t+ 1, ...,min(t+ τu − 1, T )
and t = 2,...,T
α1,t−1 − α1,t + α1,τ ≤ 1 (3.23)
where τ = t+ 1, ...,min(t+ τd − 1, T )
and t = 2,...,T
3.2.2.9 Start Up and Shut Down Energy Consumption
When the micro-CHP is started up or shut down, it requires the use of gas and
electricity to operate the peripheral systems such as the control system, heat
management system, water management system and the power conditioning unit
[33, 36]. The components in the balance of plant need to be operating in a suitable
environment before the unit can even start producing electricity and heat. The
start up energy consumption depends on the duration from when the micro-CHP
was last shut down to the time it starts up again as seen in Equation 3.24. Fuel
cells have an even more complicated system as the reformer needs to be in an
ideal condition and the desulphuriser needs to be working in order to minimise
1Thermal cycling puts stress on certain components and therefore can lead to reduction in
the lifetime of the fuel cell systems due to rapid degradation of the fuel cell stack [106]. How-
ever, newer versions of micro-CHP systems can withstand thermal cycling better and therefore
modulation can be considered now whereas previously only a binary mode of on/off operation
was possible.
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impurities. Therefore it takes a longer time and will cost more for fuel cell based
micro-CHPs to start up.The energy consumption when the micro-CHP shuts down
is fixed as in Equation 3.25.
SSTz,t ≥ SStartz,τ
(
α1,t −
τ∑
m=1
α1,t−m
)
(3.24)
SSDz,t ≥ SShutz,τ (α1,t−1 − α1,t) (3.25)
where τ = t+ 1, ...,min(τs, t− 1)
and t = 2,...,T
and z ⊂ g, e
3.3 Domestic Dwellings
A sample of domestic dwellings needs to be chosen in order to see the effect of
RTP on a variety of consumption patterns and varying volumes of energy demand.
However, these dwellings need to closely reflect the housing mix in the UK. In the
research carried out previously [96, 102, 107], data was obtained from simulating
a range of dwellings with appropriate assumptions for standard dwellings. For the
analyses presented here, data from the Carbon Trust Microgenerator Field Trials 2
were used [33]. The data from the trials (which ended in 2007), [33] show the con-
sumption pattern in seventy dwellings which include varied locations across the
UK, such as different building types and locations as well as varied year of com-
pletion (which ranges from 1850 to 2006). The locations affect the heat demand
in particular, due to the differences in temperature between north and south of
the country.
The dwelling types included in the field trials are detached, semi-detached and
terraced houses. No flats were present in the field trials because flats tend to have
2referred to as the field trials from now onwards
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Figure 3.3: The different percentage of detached, semi-detached and terrace
houses in the UK based on the National Housing Statistics, Carbon Trust Mi-
crogeneration Field Trials and the sample dwellings used
a lower heat demand and hence they are not favorable applications for micro-CHPs.
Besides having higher overall energy demand compared to flats, larger houses also
tend to be occupied by the owners rather than rented by tenants, which makes
houses more likely targets for the adoption of micro-CHPs. The report ‘Growth
Potential for Microgeneration in England, Wales and Scotland’ [108], pointed out
that home owners are likely to make the purchasing decision when replacing a
boiler. Therefore, to ensure the analyses carried out reflects the housing mix in
the UK, similar dwelling types to those in the field trials were used.
In the UK, detached, semi-detached and terrace houses account for 83% of dwellings
[29]. Within the seventy dwellings used in the field trials, many have similar en-
ergy demand profiles and hence the housing sample used was narrowed down to
twenty eight dwellings, of which a wide range of different dwelling age and loca-
tions were incorporated. The percentage of dwellings within the UK, the Carbon
Trust Microgeneration Field Trial and the sample chosen for analysis are shown in
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Figure 3.3 [29, 33]. There are more semi-detached houses compared to detached
and terrace houses in the UK. However, the energy demand of terrace houses vary
much more than semi-detached houses. Mid-terrace, end-terrace as well as terrace
houses with varying number of floors have different energy demand profiles. In
the field trials, it was apparent that the detached houses also had wide variation
in terms of their energy demand profiles. Therefore, a larger number of terrace
houses and detached houses samples are used in the analysis in order to capture
the diversity of their demand profiles.
Apart from the dwelling types, the sample of dwellings include a spectrum of
number of occupants, from 1 to 6 as shown in Figure 3.4. Given that the average
number of occupants in UK dwellings at the moment is 2.31 [28], most dwellings
in the sample site have two occupants. The second and third largest proportions
of dwellings have four and three occupants respectively. The number of occu-
pants affects the amount of heat and electricity demand and thus it is one of the
important factors in domestic energy demand.
Figure 3.4: The number of occupiers in the sample dwellings
Besides the number of occupants, the age of dwellings also play an important
factor in the domestic energy demand. The age of the dwellings usually correlates
to the heat demand of the dwellings. In terms of the sample dwellings in this
study, the split of dwellings by the age is shown in Figure 3.5.
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Figure 3.5: The age of the sample dwellings
3.3.1 Sample Days
The thermal and electricity demands from the 28 sample sites were used as the
input data to the cost-minimisation model. The time step chosen in order to
model a generator is important as this affects its performance (from the physical
and financial aspects) [105, 109]. Recognising that domestic demand is peaky
[110], choosing one hour time steps as done in the past will result in averaging of
the data and inability to capture the spikes that occur from time to time. Hawkes
and Leach [109] showed that using smaller time intervals in the analysis leads
to more accurate results. Although minute by minute input data is better than
hourly data, it will take a long time to do the necessary computation and come
up with feasible solutions. Therefore, there is a tradeoff between having high time
resolution in the data and the computation time. The data obtained were at five
minute intervals which is acceptable in terms of the temporal resolution required
to adequately capture the economics of on-site generation [32, 109].
Computing results at five minute demand intervals for the whole year is not
tractable with present computing. For that reason, a set of sample days were cho-
sen. The literature shows the varying sample days used for the analyses. Peacock
and Newborough [94] chose three sample days in a year, one representing each
season. Hawkes [102] chose six sample days to represent the annual behaviour
across three seasons, with two sample days per season. Jablko et al. [111] had
twelve sample days of houses in Germany, where the usual seasons (winter, spring,
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summer, autumn) were considered and three days representing typical weekday,
Saturday and Sunday in each season were taken as sample days.
In this analysis, twelve days were chosen in order to provide a more accurate
representation of the demand of the real dwellings and the varying prices. However,
the allocation of the days will defer from the previous methods used. The year was
split into three seasons; winter (December, January, February, March), shoulder
(April, May, October November) and summer (June, July, August, September).
The reason for grouping the spring and autumn season together to form a shoulder
season is that the temperature and hence heat demand is similar for both the spring
and autumn seasons in the UK. Four sample days were chosen to represent each
season. Instead of arbitrarily choosing these sample days, the coincidence ratio
was used as a basis of grouping days with similar demands. Coincidence ratio is
the ratio of heat demand to electricity demand. It would be ideal for dwellings
to adopt micro-CHPs, if the heat to electricity demand has a similar ratio as the
heat to electricity ratio (HER) of the micro-CHP unit. However, this is not the
Figure 3.6: An example of sampling days within the winter season
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case most of the time. The ratio of heat to electricity demand for the dwellings
changes over the course of the day and from day to day.
The daily coincidence ratio was calculated based on the total daily heat demand
with respect to the total daily electricity demand. The heat and electricity gener-
ated for a single day is assumed to be consumed within that same operating day.
Then the days were grouped together according to range of coincidence ratios.
Each range of coincidence ratios was given a weight according to the proportion
of days in a year that fall into that range. Within each range, the day with a co-
incidence ratio which is the closest to the average coincidence ratio in that range,
is chosen as the sample day. This is done for all the different ranges of coincidence
ratios, across the three seasons, to obtain the twelve sample days.Sampling of the
four winter days is shown as an example in Figure 3.6.
In order to ensure congruency, the sum of the calculated weighted samples across
the days and season, for every dwelling must equal or be close to the original total
annual demand of that dwelling, DWv. This relationship is shown in Equation
3.26. With real data, there are usually problems with certain data. Care was
taken to include only sample days that have validated data from the field trials
[32].
DWv =
S∑
s=1
N∑
n=1
(
Dthvt,n,s +Devt,n,s
)
Wn,s (3.26)
where t = 1, ..., T
3.4 Pricing for Domestic Consumers
Price data is the key input to the cost-minimisation model since the effect of
different prices on the solution and on the different metrics is of particular inter-
est. Analyses in the past have considered average pricing (AP) and assumed that
it sufficiently reflects the energy costs [102, 111, 112]. With the move towards
SmartGrid, the possibility of domestic consumers being under a Real Time Pric-
ing (RTP) scheme is high. RTP is important for demand side management and
to assist the integration of renewable generation into the network. However, with
time-varying demand coupled with on-site capability to generate electricity, the
Chapter 3. Micro-CHP Optimisation: Modelling and Analysis 70
fluctuating prices can have an effect on the overall energy cost. Therefore, it is
important to see how RTP will effect the operation and hence the cost of energy
of domestic consumers.
The domestic electricity and gas suppliers hedge their risk by buying energy units
in bulk from the large generators, making the costs of energy lower than buying
them in the spot market. However, they sometimes have to take the risk of bal-
ancing their portfolio in the spot market, which can cost a lot higher than the
average prices. Therefore, the price passed on to the consumers is assumed to be
the average prices.
The wholesale energy cost only constitutes part of the average retail energy price.
The rest of the unit price of energy is made up of transmission and distribution use
of system (TUoS and DUoS)3, environmental levies4, meter costs, supplier costs
and margins and lastly, value added tax (VAT). With average pricing, domestic
consumers are not rewarded or penalised for consumption at times when it is ben-
eficial or detrimental to the network or generation assets (i.e., typically, periods of
high/low demand). In effect, domestic consumers are safeguarded against poten-
tially large fluctuations in prices due to (for example) interactions of demand and
supply, generation outages and weather changes. In the case of AP, the energy
suppliers take on the risk, and therefore these suppliers will add a certain margin
(risk premium known as supplier costs and margins) to the final energy prices.
The only available data for energy RTP is the wholesale cost, quoted on a half-
hourly basis. In order to charge consumers real time prices, the other components
have to be added to the real time wholesale costs. The cost components in Table
3.1 were derived from the average prices which are 12.68p/kWh for electricity
and 3.88p/kWh for gas. These values were based on the 2008 average prices
produced by the Office of Gas and Electricity Markets (Ofgem) in its report on
retail electricity and gas markets [113].
The components that are absent from Table 3.1 are the wholesale energy prices and
the supplier costs and margins. The half hourly wholesale electricity prices were
obtained from Elexon [75], which is the Balancing and Settlement Code company
3Transmission Use of System (TUoS) and Distribution Use of System (DUoS) cost represent
the charge of using of the network to transport electricity from the generation point to the
consumption point.
4The composition of environmental levies change over time as new legislation or policies
are implemented. Further explanation of the various policies that affect domestic consumers is
provided in Chapter 5.
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Table 3.1: Breakdown of the cost components that make up the average do-
mestic electricity and gas prices
Cost Gas Electricity
Component % p/kWh % p/kWh
Distribution 15 0.5820 15 1.9020
Transmission 2 0.0776 3 0.3804
Environmental 3 0.1164 8 1.0144
Meter provision 2 0.0776 1 0.1268
VAT 5 0.1940 5 0.6340
Total addition 27 1.0476 32 4.0576
for the UK whereas the wholesale gas prices were obtained from [114]. The supplier
costs and margins vary between the numerous gas and electricity suppliers that
exist in the UK. Because these are private companies that do not reveal their
margins, the supplier costs and margins are difficult to estimate. The value for
the average supplier costs and margin is 15% for both gas and electricity, according
to Ofgem [115] and therefore this average value will be used in the analysis.
Three different pricing scenarios were chosen in order to compare the impact of
micro-CHPs in the different dwellings. These impacts are reflected in the annual
savings achieved, the amount of CO2 reduced and the extent of reduction of the
peak electricity demand. In order to compare the different scenarios, a reference
case, S1 is established. This reference case will be described further in Section 3.5.
• S1: Reference Case with no micro-CHP, where consumers obtain their
electricity from the grid whereas thermal demands for hot water and space
heating are met via their boiler at home.
For the next three scenarios, consumers optimise their micro-CHP (in combination
with an auxiliary boiler and a thermal storage) when subjected to the different
prices:
• S2: AP
• S3: RTP with average supplier costs and margins of 15%
• S4: RTP with supplier costs and margins of 20%
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S4 was chosen to show a higher supplier costs and margin as a representation of
higher costs in the future. This might arise due to the additional cost of operating
with RTP5.
3.4.1 Sample Prices
Having twelve sample days chosen for the analyses as discussed in Section 3.3.1,
sample prices need to reflect the average prices. The spark spread ratio was used
to choose sample day prices. When RTP is used, the spark-spread ratios are
different across the day, across different days and across the three seasons. The
spark-spread ratio appears to be lower in winter but higher in summer. The
average spark-spread ratios are used for comparison between the different pricing
scenarios.
In a similar manner to sampling the different days, when considering consumption,
it is necessary to sample the RTP in order to derive twelve corresponding sets
of prices. Once the average spark-spread ratio has been identified for all the
days, these days are grouped together into four ranges per season. Each range of
coincidence ratio was given a weight according to the proportion of days in a year
captured within that range. Within each range, the day with the spark-spread
ratio which is the closest to the average spark-spread ratio in that range is chosen
as the sample price day. Therefore the prices within that day will be used as one
of the sample prices. The same set of prices are used for all the dwellings to ensure
consistency in the analysis.
3.5 Reference Case
The reference case reflects the present situation in which domestic electricity de-
mand is met by the grid whereas heating demand is provided by a boiler at home.
The reference case is used when evaluating the introduction of micro-CHPs. The
data that defines the reference case is given in Table 3.2, at the end of this section.
5Cost of operating with RTP refers to the costs that might be passed on to the consumers from
the implementation of the communication system, smart meters and demand side management
measures put in place.
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3.5.1 Electricity Provision
Traditionally, electricity is generated by large power plants located far from the
point of consumption and electricity is transported to consumers via transmission
and distribution networks. In the reference case, electricity demand is met by the
grid and consumers pay their suppliers according to the volume consumed and the
price charged per unit of electricity.
3.5.2 Heat Provision
Most domestic dwellings in the UK have individual boilers that fulfil the demand
for spacing heating and hot water. Some dwellings, especially the larger ones, have
hot water storage as well. Although many of the dwellings still have boilers with
low efficiencies, Part L1 of the Building Regulations states that boilers replaced af-
ter April 2005 have to be of the condensing type, which means the efficiencies6 will
be 86% or more [116]. Therefore, when consumers choose to replace their boilers,
they have to choose between a new condensing boiler or alternative technologies
with high efficiency values.
3.5.3 Capital, Operating and Maintenance Cost
In order to see the difference when adopting a micro-CHP, the reference capital
cost need to be deducted from that of the micro-CHP to show the marginal costs
incurred for the consumers. Since the capital cost of the micro-CHP is unknown,
the marginal capital cost (Capital cost of micro-CHP minus the capital cost of the
boiler) is referred to as CCC .
The reference scenario will use average pricing. Reference annual operating cost,
CAOvref for each dwelling is calculated using Equation 3.27 where Dthv and Dev
are the total annual thermal demand and electricity demand for DWv.
CAOvref = DthvPg +DevPei (3.27)
6The efficiency stated here is the annual average efficiency.
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With regards to maintenance cost, different boilers have different maintenance
requirements and therefore their costs differ as well. In general, maintenance or
servicing of boilers is carried out once a year. There are two schemes that are on
offer. The first is a one-off payment for maintenance every time a technician is
called upon which can have a varying payment depending on the type of boilers
and the company providing the service. The second type, is a monthly payment
of between £7 and £16 [117, 118, 119, 120]. This varies with respect to type
of boiler, service provider and location of the domestic dwelling. Looking at the
quotes provided by the different service provider, it is reasonable to assume a
standard average annual cost of £100, as used by Hawkes and Leach [112].
3.5.4 Carbon Intensity
Values for the electricity grid CO2 intensity and the CO2 emissions from gas are
required to calculate the emissions that each dwelling contributes. The value
of the grid carbon intensity changes over time due to the different mix of fuel
used to generate electricity. However, it is a key factor in determining the value
and contribution of these micro-CHP units, in terms of environmental benefits.
Therefore, capturing the correct value of emissions reduction contribution from
micro-CHPs is important. For the reference case, the values of the carbon intensity
of the electricity grid and domestic gas supply are shown in Table 3.2. Here, the
reference case refers to the current grid intensity [121].
Table 3.2: Reference values for the different components
Characteristics
Reference Values
Input Component
Demand
Electricity Data from Carbon Trust
Heat Microgeneration Field Trial
Unit Price
Electricity 12.68p/kWh
Gas 3.88p/kWh
Boiler
Efficiency 86%
Annual Maintenance Cost £100
Carbon Intensity
Electricity Grid 0.537 kg CO2/kWh
Gas Network 0.185 kg CO2/kWh
There was a decrease in the grid carbon intensity in the early 1990 due to the
‘dash for gas’ where many coal plants were replaced with gas power plants [8].
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With the current government targets to increase the proportion of total electricity
produced by renewable sources, the CO2 emissions is predicted to fall further as
more renewable generation sources make up the UK generation mix [122]. The
future value of the electricity grid CO2 emission factor in the UK is debatable, as
we are still unsure of the future generation mix. The effects of the different grid
emissions factors on the environmental feasibility of micro-CHPs are analysed in
Section 4.3 of Chapter 4.
3.6 Results
The percentage of contribution from micro-CHP, the electricity grid and the auxil-
iary boiler towards meeting the domestic energy demand will be discussed. Then,
the results of the three major aspects which were analysed will be presented:
annual savings; the CO2 emissions reduction; and the peak electricity demand re-
duction. The results will be discussed based on the different types of dwellings, the
four different micro-CHP technologies and varying pricing scenarios, i.e. scenarios
S2, S3 and S4.
3.6.1 Domestic Heat and Electricity Provision
The provision of heat across the year for the 28 dwellings investigated is shown in
Figure 3.7. The provision from the micro-CHP and provision from the auxiliary
boiler, make up the total heat demand of the dwellings. For all the technologies,
dwellings with the AP (S2) performs the worst, with less than half of the dwellings’
heat demand met by the micro-CHP. Most of the heat is supplemented by the
auxiliary boiler. With S3 and S4 however, on average more than 70% of the
heat demand is produced by the micro-CHP unit. The contribution of the micro-
CHP towards the heat provision does not defer by much in scenarios S3 and S4.
However the different prices led to the cost of energy for these two scenarios to be
different and this is discussed in Subsection 3.6.2. All the dwellings that have a
lower portion of heat supplied by micro-CHPs, have low annual heat demand, not
exceeding about 7,000 kWh a year. Two of those five dwellings have the lowest
annual electricity demand, not exceeding 750 kWh a year. Therefore, with less
heat and/or electricity demand to induce the operation of the micro-CHP, more
of the heat demand will have to be supplemented by the auxiliary boiler.
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Figure 3.7: Proportion of heat supplied to domestic dwellings from micro-CHP
and auxiliary boiler, for the 28 dwellings investigated
The provision of electricity across the year for the 28 dwellings investigated is
shown in Figure 3.8. For all the technologies, operation under AP (S2) produced
the worst performance, with less than half of the dwellings’ electricity demand met
by the micro-CHP. However, because electricity storage system is absent in this
analysis, the units that are not used on-site are exported to the grid. This means
that even if the micro-CHP produces enough electricity to meet all the demand,
if the timing of the generation and demand do not coincide, then demand is met
through imported electricity. The three dwellings that have high production of
electricity and export of electricity are dwellings with the lowest annual electricity
demand, all below 1,000 kWh. Most of the electricity produced is exported and
hence results show that the percentage of export as a relation to the total elec-
tricity demand of the dwelling is high. These dwellings have a high total heat to
electricity ratio, all exceeding eight. Therefore, there are many instances where
heat is required, but electricity demand was not present and therefore there is
Chapter 3. Micro-CHP Optimisation: Modelling and Analysis 77
0 5 10 15 20 250
50
100
150
200
RTP (S3)
0 5 10 15 20 250
50
100
150
200
RTP (S4)
0 5 10 15 20 250
50
100
150
200
IC
E
0 5 10 15 20 250
400
800
1200
0 5 10 15 20 250
50
100
150
200
250
PE
M
FC
0 5 10 15 20 250
400
800
1200
0 5 10 15 20 250
400
800
1200
0 5 10 15 20 250
100
200
SO
FC
0 5 10 15 20 250
100
200
300
 
 
Electricity Imported       
Electricity Produced by Micro−CHP for On−Site Use              
Electricity Produced by Micro−CHP which is Exported           
0 5 10 15 20 250
100
200
300
Dwellings
0 5 10 15 20 250
50
100
150
SP (S2)
SE
0 10 200
500
1000
1500
Pe
rc
en
ta
ge
 o
f T
ot
al
 D
em
an
d 
(%
)
Figure 3.8: Proportion of electricity produced by the micro-CHP (for export
and on-site consumption) and the percentage of electricity imported from the
grid to meet the demand of the 28 dwellings investigated
excess electricity produced, as a by-product of the micro-CHP heat production.
3.6.2 Annual Saving
The cost-minimisation model yields the daily cost for all the dwellings analysed.
From this data, the annual cost can be found and this annual cost can be compared
with the reference annual cost to identify the annual saving. The distribution of
the annual savings for the dwellings with the four technologies and three pricing
schemes are shown in Figure 3.10.
The annual savings are influenced more by the type of micro-CHP than the pricing
scheme. The distribution of the dwellings according to their annual savings shows
that the dwellings saved the most with SOFC based micro-CHPs, followed by
PEMFC, and ICE and the least with SE based systems. Within the engine based
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Figure 3.9: Distribution of the annual savings of the sample dwellings for the
different types of micro-CHP under average and real time pricing in scenarios
2, 3 and 4 (S2, S3, S4).
micro-CHP, saving achieved with a SE is much lower than that with an ICE. The
higher electrical efficiency of the fuel cell based systems is the main contributor to
higher savings across the dwellings.
When comparing the different pricing scenarios, S3 performed the best with a
higher percentage of dwellings achieving high annual savings. This is followed by
S4 and lastly S2. With the fuel cell based systems under S3, around 10% of the
dwellings were able to save more than £500 a year. The maximum savings for
dwellings employing ICE based systems did not exceed £500 and dwellings with
SE based micro-CHPs did not save more than £400.
The effect of the type of dwelling on the annual saving achieved were investigated
and this is illustrated in Figure 3.11. Here the effect of ICE on the 28 dwellings is
shown and the trend is similar for all the other types of micro-CHP. For the ICE,
results show that the dwellings with higher heat demand tend to achieve higher
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Figure 3.10: Distribution of the annual savings of the sample dwellings for the
different types of micro-CHP under average and real time pricing in scenarios
2, 3 and 4 (S2, S3, S4).
savings. This generally corresponds to older and larger dwellings. In Figure 3.11,
it is clear that the savings achieved by detached and terrace houses are positively
correlated to heat demand. The dwellings that have the best profiles for micro-
CHP are the ones with large heat and electricity demand as well as a coincidence
ratio that is close to the heat to electricity ratio of micro-CHP technology used.
Although a high ratio of electricity to heat is important, high electricity demand
also contributes positively to the annual savings achieved [53]. With the semi-
detached houses, the savings have a strong positive correlation with the amount of
electricity demanded, as shown in Figure 3.11. There were three dwellings (semi-
detached houses 1 and 2 as well as terrace house 1) with a high coincidence ratio,
but had relatively low savings due to the low annual electricity demand (all below
1000 kWh). This resulted in lower savings, especially in scenario S2. However,
these dwellings have proportionally higher savings when using RTP, in S3 and S4.
The results presented here further emphasise the notion that there is no ‘one
size that fits all’ for the case of micro-CHPs. There are other factors that play
important roles in determining the amount of the saving that can be achieved.
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Figure 3.11: Different types of dwellings and their saving with strong corre-
lation to heat or electricity demand.
From the data, it was observed that higher savings occur when the u-value7, and
area of the walls, the floor size and number of occupants are high, but the SAP 8
value of the buildings is low [32]. These correspond to larger dwellings, with
relatively poor insulation and therefore have high heat demand. In terms of the
age of the dwellings, highest savings were achieved by dwellings built between
1900 and 1950. On the other hand, dwellings with the highest savings were those
with the highest number of occupants and in this sample it is six. The most
suitable micro-CHP technology across the dwellings and pricing schemes is the
SOFC micro-CHP. This applies to all the dwellings with varying occupancy, even
though the overall coincidence ratios vary between the dwellings.
7The ‘u-value’ measures how well the heat transfers between the inside and outside of a
building, which is usually via the walls and windows. A lower ‘u-value’ generally indicates a
building with better heat retention[33]
8SAP is the Standard Assessment Procedure which is used to evaluate dwellings in the UK.
With ratings which run from 1 to 100, the higher the value, the more energy efficient the building
is[33].
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In the analyses above, only operations cost were compared between the different
pricing scenarios and the reference cases. It has been assumed that the mainte-
nance cost is similar to that of a standard boiler in these scenarios. However,
sensitivity analysis in Chapter 4 (Section 4.2.1.3) will take into consideration a
range of maintenance cost. It is also vital to know the viability of investment in
terms of the capital cost of a micro-CHP that can be afforded by the consumers.
This issue will be explored in Section 4.2.2 of Chapter 4.
3.6.3 CO2 Emissions
With the UK government having strict targets of reducing CO2 emissions, the
impact of various scenarios on the emission of micro-CHPs was investigated. Al-
though emissions vary with time and generation mix, the average CO2 content of
the gas and electricity from the network were used for the purpose of these analy-
ses. The current values for electricity and gas were taken to be 0.185 kgCO2/kWh
and 0.537 kgCO2/kWh respectively as reported in the Market Transformation
Program under the Department of Environment, Food and Rural Affairs in the
UK [121].
The CO2 emissions obtained in the reference scenario, S1 was compared with the
that of the other three scenarios to quantify the amount of CO2, γ, saved by each
dwelling under the different pricing scenarios. Equation 3.28 shows the calculation
of the total emissions of the reference case, γS1v of a certain dwelling over the course
of a year, whereas Equation 3.29 shows that of the other three scenarios, γSiv . This
is done by summing the CO2 content of the total natural gas demanded, εg and
that of the electricity consumed from the grid, εe. For the reference case, the gas
demanded is calculated based on the thermal demand of the dwelling,Dthv , taking
into consideration the efficiency of the boiler, ηB. The electricity demanded from
the grid for the various dwelling is represented by Dev . For the other scenarios,
the output of the micro-CHP, auxiliary boiler and electricity from the grid are
multiplied by the respective average emissions rate of gas and electricity.
γS1v =
Dthv
ηB
εg +Dev × εe (3.28)
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Figure 3.12: The distribution of dwellings according to their range of CO2
saving for different micro-CHP under the different pricing schemes
γSiv =
T∑
t=1
[(
U∑
u=1
(
eu,t
σCHPu,t
)+
ABt
ηAB
+SSTg,t+SSDg,t)×εg+(eit−ext+SSTe,t+SSDe,t)×εe]
(3.29)
where i = 2, 3, 4
Since the objective function of the optimiser is cost, the reduction of CO2 happens
as an indirect consequence. Results show that reduction of CO2 was evident
for all dwellings in all three scenarios. The increase in overall efficiency coupled
with reduction in transmission and distribution losses by the dwelling reduced the
overall CO2 emissions. The extent of CO2 reduction is compared in Figure 3.12.
These results show the distribution of dwellings in the UK that have the potential
of reducing CO2. The dwellings are grouped together according to the percentage
of CO2 reduction that they can achieve and this was split into categories sized at
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5%. From the analysis, the CO2 reduction ranges from below 5% to slightly above
35%.
As can be seen in Figure 3.12, SE based micro-CHP is the worst performing,
whereas the other three types of micro-CHPs have high proportion of CO2 savings
compared to the reference scenario. Interestingly, for the engine based micro-
CHPs, both scenarios S3 and S4 achieved similar results. However, there were
differences for the fuel cell based systems in these two scenarios. This outcome
could be due to the lower HER that fuel cells have, which causes the changes in
prices to have a greater impact on the decision to generate on-site. Although in
general fuel cell based systems led to higher CO2 savings compared to the engine
based systems, they only managed to reduce CO2 by 35% or less. However, circa
less than 3% of the dwellings achieved more than 35% CO2 reduction with ICE
based micro-CHP. This might be due to the fact that ICE is the closest technology
to match the average coincidence ratio for the dwellings, which is 4. Therefore
coincidence ratio is important in choosing a suitable micro-CHP technology.
3.6.4 Energy Usage and Electricity Load Profile
In Chapter 2, an example was used to illustrate the energy savings from using
micro-CHP. Here an example dwelling in the analysis is used for discussion pur-
poses. Figure 3.13 shows the energy flow when comparing the reference case and
when using an ICE-based micro-CHP in a semi-detached house. The reduction in
energy is 13% which is mostly in the form of waste heat reduced.
When micro-CHP systems are adopted by a large number of dwellings, they are
bound to have an impact on the UK’s electricity load profile. Analysing the im-
pact of wide penetration of micro-CHP on electricity load profile requires scaling
up the data available for the limited dwellings analysed here. In order to real-
istically scale the behaviour of the demand from the dwellings, diversity factors
were included. This was done by shifting the time of the demand, but maintaining
the same shape of the demand, hence keeping the total daily electricity demand
constant. Assuming that the penetration of micro-CHPs includes adoption in all
detached, semi-detached and terrace houses in the UK, which represent around
83% of the dwellings, and assuming that consumers act rationally by employing
the cost-minimisation control strategy to operate their micro-CHPs, a new domes-
tic demand profile can be constructed.
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Figure 3.13: An example of a semi-detached house with ICE micro-CHP
To show the effects of micro-CHPs on the network, a reference profile is needed. In
order to do this, three days were chosen from the UK demand snapshot to represent
winter, shoulder and summer national load profiles, which were obtained from the
Balancing Mechanism Reporting System website [123]. Since this is the national
load profile, it consists of domestic, industrial, commercial and other demands.
For comparison to be made, the non-domestic elements need to be separated from
the total load profile. To get the domestic load profile, the data from the field trials
was used. The average demand of each sample dwelling during the three seasons
was multiplied with their respective weights to get the total domestic demand.
This domestic demand is taken off the total load to get the non-domestic demand.
The new profile is formed by summing non-domestic demand and the total new
domestic demand of electricity from the grid (with micro-CHPs present). The
load profile for the reference case of the UK national load profile and the new
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demand for the scenarios with micro-CHPs can be seen in Figures 3.14, 3.15 and
3.16, which represents the winter, shoulder and summer load profiles respectively.
Figure 3.14: Winter load profile for the four micro-CHP technologies with the
three pricing scenarios and the reference national load profile
Figure 3.15: Shoulder load profile for the four micro-CHP technologies with
the three pricing scenarios and the reference national load profile
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Figure 3.16: Summer load profile for the four micro-CHP technologies with
the three pricing scenarios and the reference national load profile
For all three seasons, the load reduces the most in the morning and evening where
domestic demand tend to be the highest compared with both domestic demand
at other times and demand from other sectors, i.e. industrial and commercial.
In the morning, people wake up and get ready to leave for work or school [32].
The morning valley in the profile varies in time between seasons. As many of the
micro-CHP units are turned on during that time, less electricity is imported from
the grid. Also, the excess electricity generated (which is not consumed on-site
at that time) is exported. This is more evident in winter compared to the other
seasons. In the winter, the load profile as in Figure 3.14, there seem to be a dip in
demand for electricity from the grid, early in the morning. This is because heat
demand is higher in winter, which causes micro-CHP to generate both heat and
electricity when prices are lower and store the heat for the usage in the morning.
There might not be sufficient on-site demand at this time and therefore excess
electricity is exported. This causes the total load to fall by a considerable amount,
roughly a third or less of the total demand.
The later range of time where there is a fall in the total load is when people
come back home in the evening and require heating and electricity for preparing
dinner, watching television or turning on other electrical appliances [32]. This fall
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in the load profile is more prominent during winter and shoulder seasons compared
to that in summer. The reason for this is that heat demand is very low during
summer. Another obvious peak in the profile is during mid-day for all seasons.
This might be due to the fact that heat demand is too small to start the micro-CHP
and therefore, electricity demand is met by the grid [32].
The impact of the penetration of different types of micro-CHP technology on the
electricity load profile is more prominent than the impact of the different pricing
schemes. However, there is some correlation between the pricing scheme and the
electricity load profile. Figure 3.17 shows the average half hour electricity RTP
for the three seasons. These prices include all the cost components except for the
supplier costs and margins, which will vary depending on the scenario used. The
general shape of the average price profile across the seasons is similar. However, the
electricity prices are higher in summer compared to those in winter and shoulder
seasons as shown in Figure 3.17.
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Figure 3.17: Day cross section of average real time prices for electricity during
winter, shoulder and summer seasons. Data from [75]
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When the prices start to fall from a peak position, there is an increase in electricity
imported from the grid. The prices peak at times 12:30 and 17:30 and the overall
demand starts to fall during these times. In summer, there is an additional peak at
time 20:00. With longer daylight during summer, the surge in demand for lighting
occurs around that time. When the price is at the minimum point, at time 15:00,
demand for electricity from the grid starts to increase as the cost-minimisation
control strategy takes advantage of the lower grid electricity prices.
Overall, the load profile is shifted downwards when there is a high penetration of
micro-CHPs, reducing the peak national electricity demand and this is shown in
Table 3.3. Results show that peak reduction is highest during the winter season.
This corresponds to the fact that more micro-CHP units will be producing elec-
tricity, even if the demand for electricity is not present, due to the high demand
of heat during winter. In addition, these units also operate for longer periods
of time to meet the high demand. Units with higher electrical efficiency enable
higher reduction in peak demand due to the ability to generate enough electricity
for consumption and also export the excess electricity to the grid. For the micro-
CHPs, the fuel cell based systems perform better than the engine based system,
with SE based systems performing the worst, even an increase in peak demand
during winter.
Table 3.3: Percentage of reduction in peak national electricity demand
Peak Load Reduction (%)
Micro-CHP Pricing Schemes
Technology S2 S3 S4
Winter
SE -0.62 1.11 -0.73
ICE 11.42 11.5 11.11
PEMFC 13.83 13.96 14.14
SOFC 16.46 16.45 16.81
Shoulder
SE 1.04 1.15 1.09
ICE 4.54 4.6 4.54
PEMFC 5.36 5.43 5.36
SOFC 6.03 6.09 6.03
Summer
SE 0.44 0.19 0.2
ICE 1.85 3.96 3.95
PEMFC 2.97 5.37 5.36
SOFC 5.04 6.86 5.84
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The pricing scenario that best reduces the peak is S3. With S4, the peak reduction
is slightly less than S3, but more than S2. However, the difference in pricing is
not the main driver of the load reduction, as the outcome of the different pricing
scenarios only differ slightly from each other, especially in the winter and shoulder
seasons. There are two reasons for this. Firstly, the higher heat demand during
these seasons will enable longer operating times of the micro-CHP systems. Sec-
ondly, the lower average RTP for electricity means that the spark spread ratio is
lower and hence that will be a closer to the AP.
During summer, prices play a more important role in reducing peak demand. The
high average electricity RTP during summer causes the peak reduction to differ
based on pricing schemes, with S3 and S4 both having higher peak reduction com-
pared to S2. For the ICE based micro-CHP systems, the RTP scenarios enabled
more than double the peak reduction of the AP scenario and hence is a viable tool
in peak load reduction.
3.7 Discussion
The analyses in this chapter addresses the savings in the annual energy bill that
can be achieved by various micro-CHP technologies using RTP. The SmartGrid
could encourage demand side management (DSM) and RTP could be implemented
more widely in the future to achieve DSM. The implementation of a SmartGrid
could lead to an increase in market efficiency and transparency for all levels of
the network. Considering that the UK is moving towards SmartGrid, it has been
assumed that the infrastructure for passing RTP of energy to domestic consumers
will be put in place. This includes communication infrastructure up to the last
mile9, smart meters and a control system in every dwelling which will enable a
cost-minimisation control strategy of the micro-CHP and auxiliary boiler system.
If RTP were to be implemented, supplier costs and margins could go either way.
On one hand, the suppliers bear less of the risk as they feed the prices directly
to the consumers without needing to hedge themselves against the unfavourable
movements in energy prices. If this was the case, lower costs may be passed on
to consumers and a cost-optimising consumer will benefit despite the complex
9The last mile in power systems refer to the consumer on the bottom chain of the network,
with the lowest voltage levels. In this scenario it refers to the domestic consumers at single
phase, 230V connection
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pricing. On the other hand, if the costs for these suppliers increases due to RTP
(because of the complexity in the arrangements of the payments, systems upgrade
and administration cost of the billing processes), the costs to consumers will rise
also. Scenario S4 was incorporated to take into account the effect of potential
increase in the supplier costs and margins to gauge the effect.
With RTP, the energy prices will fluctuate and consumers will at times see a
huge spike, which can cost a lot if no precaution was taken to shift demand away
from that time period. With micro-CHPs, there will be a dependency on gas as an
input factor. Increases in gas prices will be detrimental, especially if the electricity
prices do not increase in tandem. The spark-spread ratio plays an important role
in terms of economics of the micro-CHPs. Since micro-CHP depends on gas as
a fuel, the demand for gas will increase unless the production of electricity from
these units displace only gas power plants, which is not the case. Therefore, it is
more likely that a high penetration of micro-CHP will cause an increase in demand
for gas. Subsequently, the price of gas might increase in the long run due to the
need to tap into expensive supply, if no parallel adjustments are going to be made
to the generation mix in the UK. Further information on the sources of supply can
be found in the report issued by what was then the Department of Business and
Regulatory Reform (BERR) [124].
With about 83% penetration of micro-CHP in domestic dwellings in the UK and
assuming equal uptake of each technology (25% of each technology), the extra gas
drawn from the network will be about 13% extra compared to the gas demanded
by UK domestic consumers that use domestic gas boilers. Although there is an
increase in demand from the domestic sector for natural gas, there will be a shift in
terms of production of electricity on the national level. For comparison purposes,
it was assumed that the electricity generated by micro-CHPs will displace the
electricity generated by large gas power plants. Therefore, there will be a change
in the overall demand for gas. When comparing the efficiency of the micro-CHP
and the final efficiency of around 46% [125] for centralised gas power plants, there
was a net reduction of 3% of gas demand on the national level as shown in Figure
3.18.
The gas load profile at the supply point peaks during the same time as the elec-
tricity load profile and this can be seen in the investigation done by Acha and
Hernandez-Aramburo [126]. The gas network works differently from the electric-
ity network in that there are various storage points along the way and pressure is
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Figure 3.18: Changes in the gas usage when using reference case and when
there is a high penetration of micro-CHP
boosted at some points, similar to how voltage is boosted in the electricity network.
For the gas network, the storage facilities help with planning to meet demand and
there is less concern about short term increase in peak demand compared to the
electricity network.
Reduction in CO2 emissions can occur but these are more driven by the micro-
CHP efficiency and its heat to electricity ratio rather than prices. An average grid
emissions factor has been assumed in the calculations and the emissions reduction
is strongly influenced by this assumption. Electricity consumed is fixed for those
dwellings and hence the only change that the prices can make is to induce a larger
portion of the electricity generated on-site to take advantage of the lower gas
emissions factor. The grid emissions factors for electricity and gas used here were
average values. However, this might not accurately describe the direct effect of
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micro-CHPs on reducing the emissions. In Section 4.3 of Chapter 4, the effect of
using different emissions factor will be discussed.
With the CO2 reduction targets placed by the UK government, the proportion
of fossil fuel based generation in the UK will eventually drop to a level where
micro-CHP will not be sustainable from the environmental point of view. If the
UK government’s renewable energy targets are met, there will be a time horizon
of around ten to fifteen years in which micro-CHPs are able to contribute towards
CO2 reduction. This matches the estimated lifetime of a micro-CHP unit but
indicates that they will not then be replaced.
The effect of mass penetration of micro-CHPs on the electricity load profile is vital.
Due to penetration of different types of generation, especially intermittent sources
such as wind, the distribution and transmission system in the UK is approach-
ing its peak capacity, and therefore, upgrade of the electricity network is required
soon. With micro-CHPs generating on-site, a deferment of that investment in pos-
sible. However, this depends on the penetration level of the micro-CHPs and their
generation patterns. The peak load is in the evenings, where domestic demand is
the highest. Therefore, a positive aspect about micro-CHP is the coincidence of
generation when domestic demand exists, directly reducing the load of the elec-
tricity network. Micro-CHP can therefore act as a network investment deferral
tool and this has been quantified by several research papers in the past [127, 128].
Chapter 4
Sensitivities
In this chapter, the impact of the variation in the different technical parameters
of the different micro-CHP systems and the variation in economic factors on the
annual savings of the range of dwellings will be discussed. This will be followed
by the analyses of using different grid CO2 emissions factors on the overall CO2
emissions reduction contributed by micro-CHPs. All the parameters are kept sim-
ilar to the ones investigated in Chapter 3, except for the individual parameters
investigated. The analyses presented in this chapter compares the economic per-
formance of all the different types of micro-CHP systems using AP and RTP, as
in scenarios S2 and S3 in the previous chapter.
4.1 Technical Parameters
The technical parameters of a micro-CHP are key in its operation. They form the
constraints, which limits its operation. The different parameters affect the annual
savings to different extents and hence it is important to investigate the range of
effects on annual savings when a range of different technical parameters are used.
The metric that can be used for this sensitivity analysis is the relative change in
the annual savings when the values of the technical parameters are changed by a
small degree, either higher or lower than the base case values chosen. The savings
with respect to the degree of change in the technical parameters are summarised
in Subsection 4.1.9.
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4.1.1 Efficiency of Micro-CHP
The efficiency of a micro-CHP refers to the percentage of final usable energy de-
rived from the input fuel. For micro-CHPs, there are three types of efficiencies
which include electrical efficiency, thermal efficiency and overall efficiency. Over-
all efficiency is essentially the summation of electrical and thermal efficiency as
per Equation 4.1. The thermal efficiency is related to the overall and electrical
efficiencies via the HER and hence not explicitly defined in the cost-minimisation
model.
ηCHP = ηCHPe + ηCHPth (4.1)
Loss of useful energy is caused by many aspects of the system which include losses
from the peripheral functions such as pumps and fans, fuel conversion, power
conditioning unit1 as well as losses due to charging and discharging of the thermal
and electrical storages [39, 51].
The efficiencies can be divided further into partial efficiency and full efficiency.
Partial efficiency values are obtained when the micro-CHP is not operating at
full capacity. Similar to larger generators, operating at partial output reduces
the effectiveness of a generator. When operating at full capacity, the maximum
efficiency of the system is achieved and therefore full overall and electrical efficien-
cies are higher than the partial efficiencies. The range of micro-CHP efficiencies
mainly vary according to the type of generating technology. However, these values
also defer with different manufacturers. Table 4.1 shows the range of different
efficiencies for four types of micro-CHPs.
Table 4.1: The range of electrical and overall efficiencies for different micro-
CHP systems [53, 102]
Technology
Efficiencies
Electrical
Overall
Partial Full
SE 6% - 10% 8% - 14%
75% - 95%
ICE 20% - 22.5% 22.5% - 25%
PEMFC 30% - 35% 30% - 35%
SOFC 40% - 45% 40% - 45%
1The power conditioning unit converts DC power to AC power and improves the quality of the
delivered power by making sure the voltage is at an appropriate level for usage in the domestic
appliances [51].
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The overall efficiency is affected by the different components that make up the
balance of plant. The range of the overall efficiency for the micro-CHPs between
75% and 95% were investigated. In fact, manufacturers claim that their devices
have around 80% to 90% overall efficiency [39, 40]. This is most likely due to
the results obtained from the tests carried out in the laboratory or in trials where
samples can be limited and hence the results might not provide a good reflection
of actual practice. The larger range was investigated to allow for a more realistic
view due to seasonal variation and demand patterns within the range of dwellings
investigated.
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Figure 4.1: The additional annual savings for the different overall efficiency
of the four micro-CHP technologies, with reference to the micro-CHP with an
overall efficiency of 75%
Results in Figure 4.12 show the additional saving of the range of dwellings using
2The boxplot diagram shows the range of values for the range of dwellings analyses. The
maximum and minimum values are given by the flat line on either side of the box. Within the
box itself, the highest value is the upper quartile, the middle is the median value and the lower
value of the box is the lower quartile. The outliers are represented by the ‘+’ sign in the plot.
The box plot provides a range of values and focuses where the 50% of the middle data lies in
the ‘box’.
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both AP and RTP pricing, when compared to the overall efficiency of 75%. As
expected, the results show improvements in annual savings when the overall ef-
ficiency of the micro-CHP is higher. In terms of the change in efficiency on the
amount of additional savings, the engine based micro-CHP is more sensitive com-
pared to the fuel cell based systems and achieved a higher percentage of savings
at every 5% increment of overall efficiency. Amongst the fuel cell micro-CHPs,
PEMFC performed better than SOFC. The main reason for the difference in sav-
ing is the relative efficiency difference between the micro-CHP and the auxiliary
boiler. For example, when the overall efficiency of the micro-CHP is higher than
the auxiliary boiler, heat production supplemented by the auxiliary boiler will
not be that much cheaper as the boiler is only slightly more efficient. In this
case, engine-based micro-CHP will be better as they produce more heat and will
not require additional provision from the auxiliary boiler. However, if the overall
micro-CHP efficiency is lower than the auxiliary boiler, any excess heat produc-
tion via the auxiliary boiler will cost much less and hence fuel cell micro-CHP will
benefit more since it produces less heat and is dependent on a more efficient boiler
for supplementary heat provision.
Electrical efficiency varies between the types of technologies used. Albeit having
similar overall efficiencies between the different generating technologies, the engine
based micro-CHPs have low electrical efficiencies and higher thermal efficiency
whereas the fuel cell based systems are the opposite. Therefore, comparisons are
difficult to make based on similar electrical efficiency across all micro-CHP tech-
nologies. The additional savings that were achieved when the electrical efficiency
improved by 1% compared to the reference case, which is the lower electrical effi-
ciency from the range of values in Table 4.1, are shown in Figure 4.2.
With low electrical efficiency, which is generally the case with engine based sys-
tems, higher heat is produced every time a unit of electricity is generated. If the
heat generated is in excess compared to the heat demanded, the excess is stored in
the thermal storage. However, the one day time frame of optimisation introduces
a time limit in which the heat generated or stored need to be used. If the heat
demand is low and the dwelling has high electricity demand, the micro-CHP with
high HER cannot maximise generation on-site to meet all the electricity demand
due to the specific dwelling’s heat demand constraint. Therefore, for systems with
high HER, increase in electrical efficiency essentially causes HER to fall and this
increases the savings for all dwellings. The savings are higher when there is a
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Figure 4.2: The additional annual savings for the different electrical efficiency
of the four micro-CHP technologies, with reference to the micro-CHP with 1%
of improvement in electrical efficiency
slight increase in the electrical efficiency of the SE compared to the other lower
HER micro-CHP technologies.
4.1.2 Efficiency of the Auxiliary Boiler
When excess heat is produced by the micro-CHP, it can be stored in the thermal
storage. However, at times, there will not be sufficient heat produced by the micro-
CHP and therefore there is a need for an auxiliary boiler to supplement on-site
heat provision. Since the boiler picks up the slack in the heat production from the
micro-CHP, its efficiency is important.
The effect of a range of using auxiliary boiler efficiencies ranging from 70% to 90%
on the overall costs were investigated and the incremental annual savings achieved
is depicted in Figure 4.3. As expected, the auxiliary boiler with higher efficiency
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Figure 4.3: The annual additional saving of the different dwellings when dif-
ferent efficiency values were used, compared to an auxiliary boiler with efficiency
of 70%.
allows the domestic dwellings to achieve higher annual savings. Fuel cell based
micro-CHPs perform better than engine based micro-CHPs when the efficiency of
the auxiliary boiler is higher. This is due to the fact that fuel cell based micro-
CHPs depend more on the auxiliary boilers to supplement heat provision due to
their lower heat producing capacity.
4.1.3 Micro-CHP Nameplate Capacity
The nameplate capacity of the micro-CHP refers to the maximum possible elec-
tricity output of that device. Most micro-CHPs available in the market are sized
at 1kWe, with varying heat to electricity ratios that determine the maximum heat
output. However, using the same principles of the 1kWe unit, the nameplate ca-
pacity were scaled up and down to investigate the effects of having a micro-CHP
with maximum capacity of between 0.5kWe and 2kWe. The additional savings for
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the different dwellings, with different nameplate capacities compared to one with
0.5kWe are depicted in Figure 4.4.
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Figure 4.4: The annual additional saving of the different dwellings when dif-
ferent nameplate capacity values were used, compared to a micro-CHP with a
nameplate capacity of 0.5kWe.
With fuel cell based systems, there are increases in annual savings across the
different dwellings when relatively larger nameplate capacity were used. This is
mainly due to their low HER. Having the grid as an ‘infinite’ electricity storage
for unrestricted import and export of electricity allows the micro-CHPs which
produces more electricity, i.e. fuel cell based systems to perform better with higher
micro-CHP nameplate capacity. However, the engine based micro-CHPs enabled
higher annual savings with lower nameplate capacities. For SE in particular, lower
capacity of 0.5kWe provides the most savings. This is because of the limitation in
domestic heat demand and constraint in the heat storage capacity. In addition, the
cost-minimisation model which restricts carry over of heat stored to the next day
adds to this limitation. The larger proportion of heat produced by the engine based
micro-CHP in this analyses might not be used up within a day and therefore higher
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nameplate capacity will not be useful as more electricity cannot be generated if
the heat demand is not high enough. In this analysis, heat produced is never
wasted as it is either used on-site or stored for later use. Waste in heat only
occurs during the conversion of energy during production as well as charging and
discharging of the energy to and from the storage. Therefore it is not feasible to
have a large nameplate capacity micro-CHP with high HER ratio due to limited
availability of thermal storage and on-site thermal demand. With the ICE and
SOFC micro-CHPs, RTP has more impact on additional savings compared to AP.
4.1.4 Thermal Storage Capacity
Having a hot water tank for the purpose of thermal energy storage is optional
for domestic consumers as some consumers have direct heating from their boiler.
However, thermal energy storage is one of the key elements when looking at min-
imising cost with micro-CHP. In order to effectively make use of the generating
capability and the different prices, a slack in the system to enable excess gener-
ation of heat at certain times and shortfall of heat production at other times, is
needed. Thermal energy storage can provide flexibility in using and shifting en-
ergy in different forms. The size of the storage can effect the economic feasibility
of the micro-CHP as it also relates closely to the individual heat demand within
the dwelling.
What is important with the thermal energy storage is the ability to meet the
demand for thermal energy storage within the dwelling. Therefore the thermal
energy storage capacity requirement varies between the different type of dwellings,
time of the day and different seasons of the year. For this investigation, different
maximum thermal capacities ranging from 5 kWth to 15 kWth were used in the
cost-minimisation model. The results of the additional saving obtained when the
size of the thermal energy storage was increased from 5 kWth to 10 kWth and 15
kWth are shown in Figure 4.5.
Although additional savings are achieved in all the scenarios, the extent of this
savings differ, mainly amongst the different technologies. Comparing each of the
micro-CHP technology and its performance when operated using AP and RTP, the
additional savings appear to be of similar magnitude for all the types of micro-
CHPs, except for SE. In the SE case, RTP clearly outperformed AP. For the
different technologies, ICE and PEMFC benefit the most from this additional
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Figure 4.5: The additional annual savings for all the dwellings when the
capacity of the thermal storage is increased from 5kWth to 10kWth and 15kWth,
evaluated for the different pricing scenarios and the four types of micro-CHP
technologies
thermal energy storage capacity. However, in the grand scheme of things, the
magnitude of additional savings is very small on a yearly basis. The thermal
energy storage system with a higher capacity will inevitably have a higher capital
cost. Therefore, the additional savings will probably not cover the extra cost, let
alone contribute to additional savings to enable the consumers to afford a higher
priced micro-CHP.
4.1.5 Ramp Rate
Ramp rate refers to the rate of change of the electrical output of the micro-CHP,
eCHP with respect to time, t as shown in Equation 4.2.
Rrup/down =
∆eCHP
∆t
(4.2)
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Changing the output drastically from one time period to the next can be detri-
mental to the generator. For large generators, there is a limit to the ramp rate
capability due to their inherent thermal constraints [103]. Engine based and fuel
cell based systems vary in terms of their constraints for ramping up and down.
Although ultimately, changes in electricity output is key for the micro-CHP, both
engine based system and fuel cell based systems have different constraints that
need to be taken into account. For fuel cell based systems, changes in the current
density affects the output. However, in this analysis, it was assumed that the
electricity output changes according to the ramp rates used, for both engine based
and fuel cell based micro-CHPs.
When changing the ramp rate from 0.3 kWh in a five minute interval to no ramp
limit, there is little change in annual savings. For dwellings with engine based
micro-CHPs, annual savings improve by 1.4% whereas those with the fuel cell sys-
tems, the improvement in savings is around 2.1%, with AP. For the RTP scenario,
the percentage of change in annual savings does not change significantly with av-
erage changes of about 0.4% to 1.3%, for the different micro-CHP technologies.
With the reference scenario having a relatively low turndown ratio of 0.2kWe and
the newer technologies able to change their output rather quickly, ramp rates are
not very significant in general. On top of that, the average electricity demand in
the dwellings is not very high as seen in Figure 4.7 (explanation will follow in the
next subsection).
The ultimate decision on the values of the ramp rates will depend on the capability
of the micro-CHP technology. With very little additional savings, lower ramp
rate will not make much of a difference to the final energy cost for consumers.
Therefore, if the flexible ramp rates are strongly detrimental to the micro-CHP,
i.e. shortens its lifetime or lead to frequent maintenance, then setting a limit is
necessary.
4.1.6 Turndown Ratio
Most large scale generators have a minimum point at which they operate when
switched on [105]. This is because it is not economical to operate below that
certain point. Using the same assumption, there should be a minimum operating
point set for the micro-CHPs. The turndown ratio (TDR) is the minimum output
power the device is allowed to operate at, with respect to its maximum capacity.
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Figure 4.6: The index of annual savings for a range of turndown ratios
In theory, the lower the TDR, the better the micro-CHP can follow the domestic
load and the longer the micro-CHP will be running. Closely matching the demand
of heat and electricity of the dwelling and increased running time of the micro-
CHPs will lower the energy cost and reduce CO2 emissions. Furthermore, there
will be less import and export of electricity. In addition, lower excess production of
heat and electricity on-site will cause less charging and discharging of the storage
(thermal and electrical) and this leads to lower losses and higher savings in energy
bills.
A range of TDR from 0.1 to 0.9 (representing 10% to 90% of the nameplate
capacity)3 was chosen to investigate the impact on the annual savings. In order
to observe the results, three dwellings from the sample were chosen; one detached,
one semi-detached and one terrace house. Figure 4.6 shows the impact of range
of TDRs on the savings. TDR of 0.1 is taken as the base index of 100. This gives
the highest saving, as lower TDR provides a more flexible generation capability
3TDR of 0.1 refers to electricity output of 0.1kWh
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to follow the demand requirements. By increasing the TDR by 0.1 steps, the
index falls for all the cases of different pricing schemes and different micro-CHP
technologies.
For most of the cases, the fall in annual savings is gradual at the lower TDR values
but the drop in savings is more drastic at a higher TDR value. All the dwellings
behave differently and the terrace house has a relatively higher drop in savings as
the TDR of the micro-CHP increases and this is seen across the different pricing
and micro-CHP technologies. Comparing the pricing scheme, the fall in saving for
RTP is less than that for AP across all the technologies. SE is the most sensitive
to the TDR, with more drastic fall in saving compared to other technologies.
SOFC is the best technology as it is able to fall steadily and the relative savings
of higher TDR is not so much lower than the base TDR of 0.1, except for the case
of the terrace dwelling with AP. Savings achieved by the dwellings tend to drop
drastically from TDR value of 0.3 in all cases.
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Figure 4.7: Average five-minute electricity demand for all the sample dwellings
across all the seasons
Chapter 4. Sensitivities 105
Figure 4.7 shows the average 5-minute electricity demand within the sample dwellings,
across the three seasons. It is clear that the average demand is higher during win-
ter. The average values for the different dwellings range from less than 0.1kWe to
less than 1.2kWe during winter. However during shoulder and summer seasons,
the average values fall by 25% and 35% respectively. These low average values
explain why the savings fall drastically when TDR exceeds 0.3. In conclusion,
lower TDR is more beneficial overall, as it allows the micro-CHP to operate longer
and produce more electricity, which drives down the energy bill.
4.1.7 Start up and Shut down Energy Consumption
In order to start up a micro-CHP system, the balance of plant that support the
co-generation of electricity and heat need to be in the right condition. For the
fuel cells, the delivery of fuel, air and water need to be in the right proportion.
Therefore the water pump and air blower need to be started initially, before any
electricity or heat can be generated. During shut down, the pump and fans will
have to operate slightly longer after the demand has ceased due to the need to
remove excess heat and possibly transfer the it to the thermal storage for later
use. All these ancillary functions of the balance of plant, sometimes known as
parasitic load will need to be supported by a certain amount of electricity and/or
gas usage [53]. Therefore, these excess need of electricity will have to be provided
by the grid during the start up and shut down processes.
Data available regarding the start up and shut down were found in the Carbon
Trust Microgeneration Field Trials. For SE used in the field trials, the electricity
used during its start up was recorded to be 0.1kWe for a few minutes, whereas
0.1kWe will be needed for up to forty minutes during shut down [33]. The exact
energy consumption during the start up and shut down of the micro-CHP systems
vary according to manufacturers and the data are not publicly available due to
their proprietary nature. Estimations were taken from various sources [102, 107].
The range of start up and shut down energy consumption are summarised in Table
4.2. Note that the energy consumption for start up and shut down defers mainly
between the engine based and fuel cell based micro-CHP systems. Figure 4.8
shows the change in annual savings for the three dwellings as used in the previous
subsection when the start up and shut down costs change. The x-axis in Figure
4.8 refers to the change from point 1 to point 10, where point one corresponds to
Chapter 4. Sensitivities 106
Table 4.2: Start up and shut down energy usage for the different types of
micro-CHPs [53, 102, 107]
Micro-CHP Gas usage (kWh) Electricity usage (kWh)
Engine-based 0.2 - 2.0 0.008 - 0.05
(SE & ICE)
Fuel cell based 0.4 - 3.2 0.016 - 0.1
(PEMFC & SOFC)
the lowest energy consumption and point 10, the highest according to the range
of energy usage as in Table 4.2. The index is fixed to 100 when the energy usage
is at point 1 corresponding to the lowest energy usage.
Higher start up and shut down energy requirements result in lower savings for the
dwellings. ICE, PEMFC and SOFC based micro-CHPs behave similarly, with the
loss of savings not exceeding 5% at the maximum energy requirement point, when
compared to the initial point. However, for SE, the saving reduced dramatically
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Figure 4.8: The index of annual savings when the start up and shut down
costs vary
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where at the highest energy consumption of start up and shut down, the dwellings
only managed to save 50% of the initial savings achieved. There is a sharp fall
from point one to two for the SE based micro-CHP, in both AP and RTP cases.
This is due to the fact that the initial absolute value of savings achieved with SE
is not as high as other technologies and hence any increase in operational cost
will adversely affect its overall economics. Therefore, SE micro-CHP system is the
most sensitive to high start up and shut down energy consumption.
The terrace house used here has the sharpest fall in the savings index for both the
pricing scenarios, whereas the detached and semi-detached houses fall steadily with
increment in energy required for start up and shut down purposes. The results
further enhances the notion that larger dwellings fare better with micro-CHP,
especially when the costs of start up and shut down are high.
Figure 4.9: Two example days using ICE micro-CHP in one of the sample
semi-detached houses
Micro-CHP cannot be started up and shut down very quickly and therefore, it
needs to start at the minimum operating point and ramped up at pre-defined rates.
When the micro-CHP is shut down, it needs to stay off for a while before being
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turned on again. Figure 4.9 shows the electricity produced by ICE based micro-
CHP on two separate days in different dwellings. Example 1 shows the micro-CHP
meeting the high domestic demand during the day time whereas Example 2 shows
there are two periods in the day where the micro-CHP is generating.
4.1.8 Electrical Storage
The previous analyses in this thesis were done without the existence of a physical
electrical storage at the domestics dwellings. The electricity grid acts like a giant
storage, allowing inflow and outflow of electricity, with the objective of meeting
the on-site demand. If electrical storage were to be considered, there are a few
options such as flywheels4, ultracapacitors5 and batteries, with lead-acid batteries
being the most probable [129, 130]. However, many of the technologies are not
very suitable for domestic houses which have relatively small electrical storage
needs. In this analysis, a simple model of a battery is included. The operation
of the charging and discharging are limited by the capacity of the battery as well
as the rate of charging and discharging. When electrical storage is included, the
annual savings achieved should theoretically be better than the reference case.
With electrical storage, excess electricity generated can be stored if the optimiser
deems that the cost of energy can be further reduced with electrical storage when
compared to exporting those units to the grid. The downside of any storage is that
energy is lost from the process of charging and discharging as well as additional
losses that occur when the charge is kept in the storage for a long time. In order
to make electrical storage a viable addition to the domestic household, the capital
cost of the electrical storage device must be covered by the additional savings that
can be obtained over the lifetime of that storage. Therefore, the additional savings
with electrical storage were investigated for both AP and RTP cases, across the
different micro-CHP technologies.
Results show that savings achieved on an annual basis are very low. Figure 4.10
shows the range of additional annual savings achievable by the different dwellings.
For SE, dwellings with RTP perform better than those with AP. However, the
reverse is true for all the other types of micro-CHPs. With the electrical storage,
4Flywheel works by accelerating it. Energy is stored as rotational energy. As more energy is
needed to be stored, the speed of the flywheel increases. When energy is needed, the flywheel
slows down, converting the energy back.
5A capacitor with high energy density, where energy is stored electrostatically.
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decisions of whether to export generated electricity or to store it for future use
need to be made. The nearer in the future the use of this electricity is, the more
useful electrical storage will be.
To compare the benefits of having electrical storage, it is vital to know the capital
cost of electrical storage. However, specific battery/storage systems for micro-
CHPs do not exist at the moment. Only assumptions were used in the past
analyses [129, 130]. Therefore, the maximum capital cost that consumers will be
willing to pay for to have the electrical storage system depends on the savings that
can be achieved. The savings vary widely between the different pricing schemes
and the different technologies and do not appear to be very favourable. The
highest additional savings is £48 a year and this can result in a consumer willing
to pay a maximum of £480 for an electrical storage with a lifetime of ten years,
not considering the effect of inflation. However, the capability of the electrical
storage will fall over time and depending on the rate of return used, the maximum
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Figure 4.10: The additional annual savings that can be achieved when elec-
trical storage is incorporated into single dwellings
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capital value will be lower than £480. According to Jenkins, D.P. et al. [129], the
lifetime of the battery is positively correlated to its size and most likely will be
less than ten years, considering the amount of charging and discharging needed in
residential dwellings. This brings down the affordability of the capital cost even
further. In addition only a small portion of the dwellings that currently exist in the
UK can economically benefit from having electrical storage alongside their micro-
CHP systems. Therefore, electricity storage might not be feasible at this point in
time, especially because there are not enough incentives to limit the import and
export of the electricity to and from individual dwellings.
In the future, Plug-in Hybrid Electric Vehicles (PHEVs) could become an option
for storage of electricity in domestic dwellings [131]. PHEVs could provide the
consumers with additional flexibility of having an electrical storage without the
need of buying an additional device. This can lead to savings in terms of avoidance
of additional capital cost for electrical storage.
4.1.9 Summary of Technical Characteristics
The average sensitivity of the different technical parameters are summarised in
Table 4.3. The reference points of the different parameters are as discussed in the
individual analyses in Section 4.1. The value of additional annual savings appear
small, but this corresponds to a small change in the technical parameter. These
are average values and some dwellings will be able to benefit more whereas others
might not be so suitable when there are unfavourable changes.
Results from the table show the effect of different parameters, with the highest
increment in average savings at the top. From this, it can be concluded that the
nameplate capacity is the most sensitive factor. For SE, it is clear that its higher
HER makes the lower nameplate capacity a better option. The reverse is true
for all the other technologies, with the SOFC based micro-CHP benefitting from
£74 additional savings a year when its nameplate capacity is increased by 0.1kWe.
Albeit small, it is clear that electrical storage could help in improving annual
savings which means consumers with electric cars can use its storage capability in
order to improve their overall savings in their energy bills.
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Table 4.3: The average sensitivity of each parameter when the value of the
investigated parameter shifts by one unit (the magnitude of a unit is different
for the different parameters).*Every one step corresponds to different changes:
Engine based micro-CHP: 4.67W of electricity consumption and 200W of gas
consumption, Fuel cell based micro-CHP: 8.4W of electricity consumption and
311W of gas consumption. Data from [102]
Parameter Magnitude Annual Saving (£)
of Engine Fuel Cell
Change SE ICE PEM SO
Average Pricing
Nameplate Capacity 0.1kWe -7.8 11.8 28.0 43.9
Turndown Ratio 0.1kWe 4.8 9.4 10.0 11.0
Electrical Storage Capacity 0.1kWe 1.2 6.9 6.7 5.3
Micro-CHP Electrical Effi-
ciency
1% 4.9 3.8 2.4 1.6
Auxilary Boiler Efficiency 1% 0.8 3.7 5.6 6.4
Micro-CHP Total Efficiency 1% 2.3 3.4 2.4 2.0
Start Up/Shut Down * 2.6 0.6 0.5 0.4
Energy Consumption
Ramp Up/Down Rate 0.1kWe 0.1 0.2 0.4 0.5
Thermal Storage Capacity 1kWth 0.0 0.4 0.5 0.7
Real Time Pricing
Nameplate Capacity 0.1kWe -6.3 41.7 52.1 74.0
Turndown Ratio 0.1kWe 8.0 8.6 8.4 6.5
Electrical Storage Capacity 0.1kWe 5.4 5.2 4.3 4.0
Micro-CHP Electrical Effi-
ciency
1% 7.0 4.7 1.3 1.1
Auxilary Boiler Efficiency 1% 1.0 3.6 5.5 5.4
Micro-CHP Total Efficiency 1% 2.8 3.0 2.3 2.0
Start Up/Shut Down * 3.0 0.5 0.4 0.3
Energy Consumption
Ramp Up/Down Rate 0.1kWe 0.1 0.4 0.4 0.4
Thermal Storage Capacity 1kWth 0.2 0.3 0.3 0.3
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4.2 Economic Parameters
Different economic factors can affect the economic feasibility of micro-CHPs to
different extents. In this section, the main economic parameters will be used
in the context of return on investment, where micro-CHP is assumed to be the
investment and consumers being the investors, looking for favourable economic
outcome.
4.2.1 Economic Factors
The main factor in any decision making process, especially for consumers is the
initial upfront cost, which is the capital and installation costs. Assuming that
the micro-CHP is a replacement for their boilers, consumers would be willing to
pay the same amount or less than the cost of replacing their boilers. However,
micro-CHPs provide additional savings to the consumers and hence several other
considerations are needed. Rational consumers will be willing to pay more upfront,
if they know and are certain that their future savings will cover this cost and maybe
make them some ‘profit’.
There are four main costs which are key to the consumers decision and these
are installment, capital, operational and maintenance costs. Operational cost has
been discussed in Chapter 3 and the cost-minimisation function deals with the
operational cost. Besides the different types of costs, the rate of return is an
important economic parameter that affects the overall capital cost of the device
and has to be considered.
4.2.1.1 Installation Cost
Given that capital costs are not very certain at the current point in time (micro-
CHPs that are commercialised are very expensive due to low take up at the mo-
ment), the installation cost is even more uncertain. Inevitably, the installation of
micro-CHPs will be more complicated than that of a boiler. For simplicity, it is
assumed that the installation cost for micro-CHPs is similar to that of a boiler.
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4.2.1.2 Capital Cost
When deciding to purchase a micro-CHP to replace their boilers, consumers will
look at the capital cost of the units. The capital costs identified are mostly esti-
mation from commercially available engine based systems as shown in Chapter 2.
Fuel cell based micro-CHP systems will cost more, judging from the cost of the
existing prototypes. However, currently, there is no widely available commercial
unit of fuel cell based micro-CHP. The earliest fuel cell based micro-CHP to be
released in the UK is scheduled to be in 2011, by Ceres Power in partnership with
Centrica [132]. The values of capital cost that can be afforded by the different
consumers are discussed in Section 4.2.2.
4.2.1.3 Maintenance Cost
The maintenance cost for the different types of micro-CHP will vary. This mainly
depends on its total annual running time. In addition, engine based and fuel
cell based micro-CHPs have different maintenance requirements. In Chapter 3,
a standard annual maintenance cost which was similar to that of a boiler was
considered. However, there is a need to analyse the sensitivity of the range of
annual maintenance costs. This is a component that diminishes part of the saving
from the running of the micro-CHP. Therefore, the changes in this cost will affect
the number of consumers in the UK that can feasibly adopt a micro-CHP unit.
In the literature and publicly available company sources, numerical figures for
the maintenance costs were mainly absent. There were mostly rough estimation
of maintenance frequency in relation to the period of operation. This is due to
the fact that not many micro-CHPs are in operation to enable largely available
and reliable data regarding the maintenance cost. For fuel cell micro-CHP such
as Honda Ecowill, it was recommended that servicing is done once after every
6000 hours of operation [133]. If the fuel cell micro-CHP is run continuously, this
translates into about 1.5 times maintenance annually, based on a 8760 hours of
operation in a year. The Combined Heat and Power Association estimated that
maintenance cost for a SE Baxi Ecogen micro-CHP is similar to the domestic
boiler and is required once a year [134]. In [112], authors estimated a value of
£125 for annual maintenance.
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In general, fuel cell micro-CHPs will require higher maintenance cost due to the
more complicated balance of plant. The effect on the maintenance cost is inversely
related to the feasibility of investment. Therefore the percentage of consumers
who are able to achieve break even within the estimated micro-CHP lifetime of
ten years diminishes as maintenance cost increases. High maintenance cost for fuel
cell micro-CHPs could negate the benefits from the high savings achieved through
its cost-minimisation operation.
4.2.1.4 Rate of Return
The comparison of the costs and savings needs to be in the same time period.
Therefore, future cash flows need to be discounted to the current value. Discount-
ing the cash flows will enable cost and benefits to be evaluated whilst avoiding the
effects of inflation in diminishing the monetary value. The rate of return chosen
as the discounting factor will affect the present value of the micro-CHP. More in-
formation about the financial investment calculations and concepts can be found
in [135]. The effect of the different rates of return on the net present value (NPV)
is shown in Section 4.2.2. The sensitivity of the savings to the changes in the rate
of return is high and therefore appropriate values need to be considered in the
decision making process.
4.2.2 Return on Investment
The capital costs of micro-CHPs vary a lot according to the type of technology,
nameplate capacity, manufacturer, countries in which it is commercialised and the
stage of commercialisation. The stage of commercialisation refers to the product
life cycle, where initial stages of research, development and prototype demonstra-
tion will lead to higher cost per unit. As these technologies become more well
known, the increase in demand will lead to fall in cost through mass production,
making them more commercially viable. However, mass production relates closely
to the rate of adoption as discussed in Chapter 2 regarding diffusion of innovation.
Since many micro-CHP models are currently still in trial stages or in the initial
commercialisation process, their capital costs are still very high.
There is not enough information regarding the selling price of micro-CHPs. How-
ever, a few companies have released limited information which gives some form of
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indication of the prices to be expected. These companies producing or marketing
micro-CHPs include Whispergen, Microgen and Infinia with the latest estimated
price of £6000 - £8000 for SE based micro-CHP and Honda Ecowill priced at
£5600 for ICE based micro-CHP [41]. Most of these units have nameplate capac-
ity of 1 kWe. None of the fuel cell micro-CHP had a price tag on them as many
are still undergoing trials in various countries. According to the Energy Saving
Trust, the average upfront cost of any of the micro-CHP systems is around £5500
[136].
The cost of an average boiler needs to be deducted from the capital cost of the
micro-CHP to get the marginal capital cost of the micro-CHP,CCC . This is because
the boiler replacement cost is an unavoidable cost to the consumers and therefore
the metric to be investigated is the consumers’ affordability of the marginal micro-
CHP capital cost. The investigation here will be focused on identifying the amount
of capital costs that consumers from the different dwellings in the UK can afford,
without any support. There are many policies in the UK that can help reduce
the financial burden of consumers wanting to adopt micro-CHPs and these will be
discussed in Chapter 5.
Comparing the differences in annual savings alone is not enough to quantify the
economic feasibility of micro-CHPs. What is needed is a measure to compare
returns on investment. Two methods can be used for this purpose which are pay
back time (PBT) and net present value (NPV). These methods will be used in
order to observe the economic feasibility of micro-CHPs in the different dwellings
across the UK.
4.2.2.1 Pay Back Time (PBT)
The PBT for any investment is the time to reach break even or recoup the cap-
ital cost with the savings obtained over the operating years. For a simple PBT
calculation, the time taken for each dwelling, v to break even for the range of
different capital cost, CCC is given in Equation 5.1, where the annual saving is
represented by the difference between the reference annual operating cost, CAOrefv
and the annual operating cost when part of the dwelling’s energy is provided for
by a micro-CHP, CAOv . In this analysis, the investigated parameter is the capital
cost. The potential annual saving for every dwelling have been identified and the
lifetime of the micro-CHP is assumed to be ten years. Therefore, assuming the
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PBT of ten years, the range of capital costs that can be afforded by consumers in
the UK was investigated.
PBTv =
CCC
CAOrefv − CAOv
(4.3)
The percentages of dwellings that could potentially achieve savings sufficient to
be able to afford micro-CHPs with capital costs between £500 and £5000 are
shown in Figure 4.11. Lower capital cost does provide incentive for better and
faster returns on investment. Based on the economic metrics used, RTP allows
consumers to afford a micro-CHP with higher capital cost than AP. The higher
saving from SOFC, PEMFC and ICE enabled more consumers to be able to afford
micro-CHPs, even at higher capital costs, compared to SE based micro-CHP. With
RTP, all dwellings can economically adopt a SOFC, PEMFC or ICE based micro-
CHP and break even within ten years, if the capital cost is £500. Around 10% of
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Figure 4.11: The distribution of pay back time of the different micro-CHP
under different pricing and capital costs if the lifetime were considered to be
ten years.
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the dwellings with fuel cell based micro-CHP, employing RTP are able to purchase
micro-CHPs even at the higher end of the capital cost, at £5000.
The annual savings will be used to pay for the capital cost up to the year where
it is fully paid for, and every following year after that, the savings are analogous
to a profit for the consumer. However, with PBT the profit is not explicitly seen
in the analysis as only the time to break even is of importance. In addition, PBT
does not take into consideration the time effect of money (no discounting of future
cash flow is done).
4.2.2.2 Net Present Value (NPV)
Another method of analysing the feasibility of investment is using NPV, which
involves discounting a series of cash flow for the lifetime, L of the micro-CHP at
certain rates of return. The lifetime, L was fixed at ten years, which is comparable
to the lifetime of a boiler. However, the capital cost and rate of return, r were
varied. Equation 4.4 shows the calculation of the NPV.
NPVv =
L∑
l=1
CAOrefv − CAOv
(1 + r)l
− CCC (4.4)
Deriving the NPV involves discounting expected future cash flows, which in this
case is the future annual savings, to the current point in time. All these discounted
values are then summed up. The capital cost which is the initial investment,
is deducted from this value to obtain the net value. Positive values for NPV
represent a worthwhile investment, whereas an investment appraisal that gives a
negative NPV should be discarded or further evaluated using a different method for
comparison. Since a good investment requires positive NPV, and the investigation
is to identify the possible capital cost, Equation 4.4 can be reorganised as in
Equation 4.5.
CCC =
L∑
l=1
CAOrefv − CAOv
(1 + r)l
(4.5)
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The current Bank of England base rate is 0.5%6, whereas investment return re-
quired by commercial investments are higher. Although the current inflation rate
is 3.6%7 [137], it changes with time. For the purpose of evaluation, a range of
values of r from 1% to 10% is used. This range of rates of return will also cap-
ture uncertainty, which could be favourable or unfavourable changes in prices or
change in future demand for energy. Changes in demand can move both ways,
either higher or lower than the present time. Increase in future demand for energy
can be caused by increase in the number of electrical appliances, decrease in the
number of occupants per dwellings, larger homes and reduction in energy prices.
Decrease in demand for energy can be triggered by better insulation, higher energy
prices, efficient appliances and positive change in consumers’ behaviour regarding
energy usage volume and pattern.
SE based micro-CHP does not show much economic potential especially when
employing AP as seen in Figure 4.12(a), with only around 11% of dwellings being
able to afford a micro-CHP when the capital cost is £1,000, at 10% rate of return.
ICE based micro-CHP with AP enabled 19% of dwellings to afford a micro-CHP
priced at or below £1,500 at 10% rate of return. Fuel cell systems are better
than the engine based systems, enabling around 9.6% of dwellings able to afford
a SOFC unit at £2,000 at 10% rate of return. At capital costs up to £1000, and
rates of return up to 2%, both PEMFC and SOFC can be afforded by around 80%
of the dwellings in the UK, as compared to less than 70% with ICE and 20% with
SE.
Figure 4.12(b) shows the percentage of dwellings that can afford the different
micro-CHPs at varying rates of return and capital costs when using RTP. As RTP
enables higher annual savings in general, the expected percentage of dwelling able
to afford a micro-CHP is higher than that of AP when comparing similar capital
costs and rates of return For SE, below 20% of the dwellings are able to purchase
a micro-CHP at capital costs of up to £2000, when annual rate of return is at
10%. With rates of return of 1% and 2%, around 10% of the dwellings can afford
a unit of ICE at £4,000, PEMFC at £4,500 and SOFC at £5,000. The maximum
capital cost that can be afforded under AP is only 3,500.
6as of September 2011
7Inflation rate here refers to the Consumer Price Index as shown by the Office for National
Statistics on the 8th September 2011.
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In general, very small percentage of the dwellings in the UK can adopt a micro-
CHP unit without any financial support. This is especially true when capital costs
and rates of return are at the high end of the spectrum. The available support
schemes and possible future of micro-CHP under these policies will be discussed
further in Chapter 5.
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Figure 4.12: The distribution showing percentage of dwellings that can afford
to purchase a micro-CHP with a range of capital costs and a range of rates of
return that discount the cash inflow (from the savings) over ten years.
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4.3 CO2 Emissions
The impact of micro-CHP in reducing CO2 emissions was discussed in Chapter
3, using the average electricity grid emissions factor, known as the average emis-
sions factor (AEF). This value is calculated based on the total electricity output
throughout the year, produced via the different sources of energy. Each of these
sources will have a different emissions factor. Using the weighted average calcu-
lation, the average average grid emissions factor is derived. However, this is not
truly reflective of the contribution of domestic dwellings with micro-CHP towards
the reduction of CO2 emissions. This is because the generation mix changes at
every point in time and the average factor is just an approximation. Figure 4.13
depicts the energy trends for the different sectors as well as the generation mix for
electricity in the UK [7].
From the electricity consumption point of view, demand from the industrial, com-
mercial and other sectors remained flat over that period of time. However, the
demand from the domestic sector was high during the first and the fourth quarters,
which represent predominantly the winter season in the UK. As seen in Figure 4.13,
the peak demand for the domestic sector is double compared to the base domestic
demand.
The electricity generation mix has a similar pattern, where the production of elec-
tricity using nuclear, oil, renewable energy sources, other fuels and imports remain
nearly constant over those quarters. However, gas and coal based electricity gen-
eration changed in the different quarters. Even when comparing the magnitudes
of electricity output and the electricity demanded by the domestic sector, the dif-
ferences between the peaks and troughs seem to match. Coal based electricity
production, in particular has a curve with similar shape to that of the domestic
demand for electricity. Therefore, it can be seen that there is a strong correla-
tion between the high domestic energy demand during winter and the high coal
production during the same time. Gas contribution was not significant during the
winter of 2008/2009 but increased its contribution in winter 2009/2010. Therefore,
increase in demand for energy by domestic consumers are mainly supplied by coal
and gas power plants.
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Figure 4.13: The final energy demand and the electricity generation mix in
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By generating power at the point of consumption, micro-CHPs could replace the
marginal power plants. These fast-starting marginal plants use fossil fuel as their
input. Therefore, the additional unit of electricity generated from the micro-CHP
does not displace one unit of electricity produced in the proportion of the average
generation mix at every point in time, but will most likely displace an additional
unit from the marginal generating plant. Hence the marginal emissions factor
(MEF) as investigated in [125] will be used to investigate the impact of micro-
CHP on the environment.
Although AEF was used in the previous analysis, the value of the AEF used is
based on current emissions contributions of the generation mix. In the future,
the average electricity grid emissions will fall as more renewable energy sources
contribute to the UK generation mix. Figure 4.14 show the different factors that
are used to analyse the impact of micro-CHP in this section. The current average
factor in the system is 0.537 kgCO2/kWh [121]. It is assumed that the average
factor will fall to 0.43 kgCO2/kWh in the medium term 8 and 0.30 kgCO2/kWh in
the longer term [121] 9. However, according to Hawkes [125], the current marginal
emissions factor is 0.69 kgCO2/kWh for micro-CHPs and the average half hourly
varying MEF across the year is also shown in Figure 4.14.
The different electricity emission factors are used as inputs to evaluate the differ-
ence in the reduction of CO2 emissions as contributed by having micro-CHPs as
well as the effect on the overall annual saving for all the dwellings. The emission
factors are summarised as follows:
• Average Emissions Factor (AEF) of 0.537kgCO2/kWh
• Medium Run AEF (MR) of 0.43kgCO2/kWh
• Long Run AEF (LR) of 0.3kgCO2/kWh
• Marginal Emissions Factor (MEF) of 0.69kgCO2/kWh
• Varying Marginal Emissions Factor (VMEF) depends on the time of
the day. This is estimated for every half hour, across the whole year [125].
In Chapter 3, cost-minimisation was used as the objective function in operating
the micro-CHP and the CO2 emissions were based on the AEF. Using the same
8Medium term here refers to 2015
9Long term here refers to 2022
Chapter 4. Sensitivities 124
5 10 15 20 25 30 35 40 450.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Ca
rb
on
 E
m
is
si
on
s 
Fa
ct
or
 (k
g/
kW
h)
Time (half−hour)
 
 
AEF MR LR MEF VMEF
Figure 4.14: The different carbon emissions factor. Data from [125]
output from the cost-minimisation solution, different emissions factor were used to
compare the CO2 emissions with the reference case. Figure 4.15 shows the differ-
ence in annual CO2 reduction for the different types of micro-CHP technologies.
Results show that the emission reduction is the highest when the grid emission
factor is high. For SE, the change in total CO2 emissions per dwelling is not
dramatically different when there is a change in the carbon emissions factor. Also
for SE, there are three dwelling outliers, compared to two outliers in the other
micro-CHP types. CO2 emissions reduction from these dwellings are higher when
higher emissions factors are used.
In general, as the electricity grid decarbonises in the future, the value of micro-
CHP, from the environmental point of view, will fall. This is because one of the
value proposition of micro-CHPs is to reduce the CO2 emissions. However, if
micro-CHPs cannot compete with alternative sources of microgeneration or the
electricity grid, these units will have to be phased out. This outcome goes on to
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Figure 4.15: CO2 emissions when different carbon emissions factors were used,
for the objective function of cost-minimisation.
prove that micro-CHP is viable as a short to medium term solution in the UK,
based on the assumption that the average emissions factor in the grid will fall
in the coming years in order to meet the long term goal of 80% CO2 emissions
reduction by 2050.
4.3.1 CO2-Minimisation Model
The objective function used as the control strategy of the micro-CHP here is CO2-
minimisation. The different emissions factors will be the main deciding input of the
control strategy. The carbon emissions factor for gas remains at 0.185 kgCO2/kWh
[121]. Equation 4.6 shows the new objective function where the output of the
optimisation model, is the total daily CO2 emission, γ. The consumption of gas
is multiplied with the emissions factor of the gas, #g and the net consumption of
electricity from the grid is multiplied with the emissions factor of the grid, #e.
The emission contribution from the individual days is multiplied by the respective
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weight to represent the proportion of the number of days in a year. Further, these
are summed to give the annual CO2 emissions. This value is compared with the
reference annual CO2 emissions to determine the amount of emissions reduced
with the presence of micro-CHP.
γ =
T∑
t=1
[(
U∑
u=1
(
eCHPu,t
σCHP,u,t
)
+
ABt
ηAB
+ SSTg,t + SSDg,t
)
#g +
(
SSTe,t + SSDe,t + eit − ext
)
#e
]
(4.6)
Figure 4.16 shows the CO2 reduction across all dwellings when using different
emissions factors. With the CO2-minimisation operation of the micro-CHP, the
magnitude of reduction in CO2 emissions is similar across all technologies. How-
ever, it has been observed that SOFC generally has a higher CO2 reduction for
all cases except the LR and MR cases. The higher electrical efficiency of the
SOFC enables the technology to better optimise the production of electricity and
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Figure 4.16: CO2 emissions when different carbon emissions factors were used,
for CO2-minimisation operation
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heat on-site versus the decision to import electricity in order to minimise CO2
emissions.
It is apparent from the results that with VMEF, the dwellings reduce more CO2,
with all the different technologies except for SOFC where MEF seems to be a
better option. Therefore, using CO2 emissions factors could make micro-CHPs
more viable as a tool to reduce CO2 emissions from domestic sector. This fits in
well with the argument where generating on-site will reduce the demand from the
grid during peak periods, where highly polluting plants are in operation. As the
domestic demand coincides strongly with the morning and the evening peak of the
UK national demand, micro-CHPs can help contribute to mitigating some of the
CO2 emissions.
Although CO2 emissions were reduced much more in the CO2-minimisation oper-
ation compared to the cost-minimisation operation, the annual saving from this
method of operation was much lower than investigated previously. The annual
saving will depend on the change in the operation decision throughout the sample
days and this in turn affects the cost. Figure 4.17(a) and 4.17(b) show the varying
annual savings achieved when CO2-minimisation operation was used.
Within the AP scenario, SE performs the worst with few dwellings saving less
than the reference case and only a few outlier dwellings manage to have positive
annual savings. Even in that case, the saving does not exceed £70. All the other
micro-CHP technologies provide similar savings, with none exceeding £120 a year.
With RTP, saving achieved in all the dwellings improved. However, the maximum
saving for SE was around £160 and that of the other three technologies did not
exceed £300. Therefore, it can be concluded that CO2-minimisation despatch
brings very little economic benefits.
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Figure 4.17: The annual saving across the different dwellings when the op-
eration of the micro-CHP is optimised to minimise CO2 emissions. The cor-
responding price per unit of energy (gas and electricity) is matched up with
the consumption at the various points in time to obtain the energy costs of the
dwellings.
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4.3.2 Comparison between Cost-Minimisation and CO2 -
Minimisation
The different objectives for the operation of the micro-CHP were chosen in order
to see how the different micro-CHP technologies can contribute towards lowering
energy cost as well as reducing CO2 emissions. These different objectives not
surprisingly, yielded different results. As with any choice made, there is a trade
off between the two aspects investigated. Figure 4.18 and 4.19 show the differ-
ence between the initial investigation and the new one with CO2-minimisation
operation.
Figure 4.18 shows the average annual saving across all dwellings. In the AP
cases, the average savings across all the cases is below £50 a year, with LR and
MR emission factors doing better than the other emissions factors. In general, the
savings are roughly a sixth compared to that with the cost-minimisation operation.
Figure 4.18: Average annual saving of the operation of the micro-CHP based
on cost-minimisation compared with the operation of the micro-CHP based on
CO2-minimisation
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With RTP on the other hand, the average annual saving is higher compared to
AP across all the cases and mostly similar between the different emissions factors.
For the fuel cell micro-CHPs, the average annual saving is slightly higher in the
MEF and VMEF cases. Overall, the average savings do not exceed £200 annually.
For RTP, the savings are between 35% to 60% compared to that of the cost-
minimisation operation. This means fewer consumers can afford micro-CHPs when
using this control strategy.
Figure 4.19 shows that the CO2 reduced with the CO2-minimisation operation is
much higher than the cost-minimisation method of operation. Since the deciding
factor is the CO2 emissions factor, pricing was not key in this analysis and hence
there is no difference between AP and RTP. Besides SE, other micro-CHPs show
an average of around 1000kg of CO2 reduced per annum. The CO2-minimisation
operation causes higher average annual CO2 savings than the cost-minimisation
operation, by more than twice. For the engine based micro-CHPs, the average
LR MR AEF MEF VMEF0
500
1000
1500
2000
2500
3000
3500
4000
4500
SE
Av
er
ag
e 
An
nu
al
 C
O
2 
Re
du
ct
io
n 
(k
g)
LR MR AEF MEF VMEF0
500
1000
1500
2000
2500
3000
3500
4000
4500
ICE
Av
er
ag
e 
An
nu
al
 C
O
2 
Re
du
ct
io
n 
(k
g)
 
 
LR MR AEF MEF VMEF0
500
1000
1500
2000
2500
3000
3500
4000
4500
PEMFC
Carbon Emissions Factor
LR MR AEF MEF VMEF0
500
1000
1500
2000
2500
3000
3500
4000
4500
SOFC
Cost−Minimisation Operation CO2−Minimisation Operation
Figure 4.19: Average annual CO2 reduced of the operation of the micro-CHP
based on cost-minimisation compared with the operation of the micro-CHP
based on CO2-minimisation
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annual CO2 reduced is similar for LR, MR, AEF and MEF emissions factors.
However, higher reduction in the annual CO2 compared to the reference case was
seen when VMEF were used. For the fuel cell based micro-CHPs, higher reduction
was seen when MEF and VMEF were used. On top of that, SOFC also proved to
reduce more CO2 when AEF is used compared to LR and MR emissions factors.
This is mainly attributed to the higher electricity ratio of the SOFC and the ability
to displace more electricity from the grid.
4.4 Discussion
The changes of the values of the different technical parameters of the micro-CHPs
have different impact on the annual saving for the dwellings. However, in reality,
changes to any part of the technical characteristic of the system might affect the
overall system in different ways. All the technical components are interlinked and
hence improving one aspect might lead to an improvement in another aspect or a
detrimental affect on another aspect of the micro-CHP’s performance. In essence,
it is important that the size and the type of the micro-CHP match the demand
of the dwelling. It was demonstrated that slight changes in all the other technical
aspect of the micro-CHP system, except the nameplate capacity, do not bring huge
additional savings. However, larger changes are beneficial, especially for dwellings
which respond favourably to these changes.
The economic parameters are important in determining the affordability of micro-
CHPs. Higher rates of return will result in the future cash flows to be of a lower
value when discounted to the present. Therefore, this will lower the capital cost
of micro-CHPs that domestic consumers can afford. Maintenance costs have been
assumed to equate that of a boiler at present. However, this cost component will
be higher than a boiler, given the low present adoption leading to fewer available
dwellings to service. If micro-CHPs develop further, this cost is expected to fall
in the future. However, units prices of energy are expected to increase in the
future. If the rate of increase in prices matches the increase in interest rates, the
net present value of 0% will be realised.
The overall CO2 emissions is reduced when using micro-CHPs especially when
using CO2-minimisation operation. However, the location of the emissions will
be closer to the consumers. There could be other forms of negative externalities
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that arise from having micro-CHPs at domestic homes. Albeit not high, the main
concern for consumers is the localised air pollution from the emission of CO2,
sulphur dioxide and nitrous oxide. Besides that, noise pollution, particularly from
the engine-based micro-CHPs can cause concern for some [108]. This is especially
true for ICE based micro-CHPs, which needs to be in sound-proofed enclosures to
lower the amount of noise [36].
Consumer surveys shows that majority of consumers are not willing to pay more
for the cost of energy in return for a more environmentally friendly generation
of heat and electricity [108]. In fact, reducing CO2 was in the lower part of the
list of priorities for most domestic consumers [108]. In essence, consumers are
more concern about the costs (both upfront and running costs). However, for
consumers who have concerns about their environmental impact, they can have a
choice with regards to the control strategy of the micro-CHP operation. They can
choose control strategies which can reduce their environmental footprint. This
is especially true if real time carbon emissions becomes available in the future.
However, this option is only feasible if they can still achieve break even from their
initial investment, assuming no rational consumer would want to make a loss.
Chapter 5
Comparison of policies for
micro-CHP support in the UK
As highlighted in previous chapters, high initial cost is a major barrier in the adop-
tion of micro-CHP units by domestic consumers. Before comparing the current
and potential policies that support the uptake of micro-CHPs in the UK, a brief
review is given of the schemes that support the uptake of microgeneration in other
countries.
Some countries like Germany have implemented policies that encourage adoption
of new technologies by creating a market for them [138]. Countries like Japan and
Germany have national utility companies as opposed to the privatised utility com-
panies that exist in the UK. The nationalised utility companies in those countries
are more willing to pioneer the research, development and adoption of many new
micro-CHP technologies [138].
Table 5.1 shows the various support schemes available around the world. Some
schemes might work better in certain countries, depending on the types of technolo-
gies adopted and the type of domestic demand present in these countries. Many
of these schemes are fairly new, being implemented in the last half a decade, as
new microgeneration technologies get commercialised and penetrate the domestic
energy market. The success of these schemes is case dependent. The viability
of certain schemes like the Feed-in Tariff (FiT), which involves ongoing support,
running into years of operation, only becomes apparent at the end of the scheme
duration. In most cases, the duration is around ten years or more [19, 141].
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Table 5.1: The various support schemes around the world, targeted to encour-
age domestic consumers to adopt microgenerators [58, 139, 140]
Support Scheme Explanation Countries
Feed-in Tariff (FiT) Tariff paid for UK, Ireland, Germany,
producing and/or Netherlands, Croatia,
exporting electricity France, Italy, Austria
to the grid Spain,Estonia
Tax exemption/ Exemption or reduction UK, Belgium, Germany,
reduction of tax for purchase US, Spain, Netherlands,
of energy efficient devices Italy, France, Austria
or reduction in tax of fuel
used to power certain
microgenerators
Net metering Import and export of US, Belgium,
electricity are at the Netherlands
same price
Financial grants Financial grant to help Netherlands, Germany,
with initial cost which South Korea, US, UK,
include capital and France, Austria, Japan,
installation costs Spain
Research and Product development UK, US, Netherlands,
Development grants France, Germany, Spain,
Denmark, Austria,
Australia, Japan
In Germany, FiT was introduced to encourage more adoption of renewable energy.
Since the introduction of the Renewable Energy Sources Act in 2000, the produc-
tion of electricity from renewable sources in Germany has increased by eight times
in ten years [142]. However, the payment of FiT has also increased throughout the
last decade by 13 times, from 2000 to 2010. The payment in 2010 was e13 billion.
The policy has proved to be a success with wide scale installation of solar PV in
Germany. In 2012 however, the German government is planning on reducing the
FiT support as it approaches retail grid parity1[143]. This scheme can be used as
a reference for the UK FiT scheme.
In order to investigate the effect of different policies on the adoption of microgen-
erators in the UK, a brief overview of the past schemes will be reviewed. This
will be followed by a more detailed explanation of the specific policy schemes that
1Grid parity is achieved when generating electricity from an alternative source of energy/dis-
tributed generation has the same cost as buying electricity from the grid.
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are relevant for microgenerators and how these schemes compare to or comple-
ment each other in helping consumers make their dwellings more energy efficient,
reducing their energy bills as well as meeting the UK government’s objective of
reducing CO2 emissions.
5.1 Policies for Micro-CHP
One of the main measures taken by the UK government to encourage purchase and
installation of energy saving mechanisms was to reduce of value added tax (VAT)
for energy saving mechanisms from 17.5% to 5% in 2004 [14]. This lowers the
capital cost of installing energy efficiency measures for private individuals, be it
insulation measures or domestic microgenerators. The 5% VAT rate was extended
to micro-CHP units in 7 April 2005 [14].
Another policy implemented to encourage energy efficiency in the domestic sector
is the Carbon Emissions Reduction Target (CERT), which has been running since
April 2008 [13]. This scheme requires electricity and gas suppliers in the UK
to encourage domestic consumers to employ energy saving measures in order to
reduce CO2 emissions. Although initially intended to be terminated in March
2011, the success of the scheme led to an extension until December 2012, with
even higher target of energy efficiency to be reached [144]. This programme is the
successor of previous Energy Efficiency Commitments (EEC) 1 and 2 which were
implemented in two phases, 2002-2005 and 2005-2008.
With the implementation of the CERT and its predecessors, EEC 1 and EEC
2, suppliers have helped many consumers to improve the insulation within their
dwellings. However, the main target groups of consumers supported within these
schemes were of the ‘Priority Group’, which included low-income consumers, the
elderly, pensioners and generally those under benefit schemes who are in the fuel
poor category. However, the rest of the population who do not fall under the
‘Priority Group’ category also need assistance in improving the energy efficiency
within their dwellings, given that the UK needs to move to a low carbon energy
system.
For domestic consumers, it is expensive to invest in energy efficiency measures
for their dwellings. Improving their insulation requires a lot of work to be done
and some might find it disruptive. Another option is to replace their boiler with
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an alternative technology, which will take up the same physical location as the
existing boiler and save them money whilst reducing their CO2 emissions.
Purchasing a micro-CHP as a boiler replacement is expensive, and this is the main
hindrance to adoption. Therefore, policies need to be designed to help consumers
cover the initial cost, mainly the excess above the cost of a standard replacement
boiler (marginal cost). The marginal cost can be subsidised through two meth-
ods; capital grants which reduce the upfront cost; and ongoing support which
help reduce operating cost. The Low Carbon Buildings Programme (LCBP) and
Building Scrappage Scheme (BSS) provide grants that help consumers with the
upfront cost whereas the Feed-in Tariff (FiT) helps consumers to reduce their op-
erating cost. Pay As You Save (PAYS) is a scheme not presently used in the UK
but is of interest. Under PAYS, consumers are given a loan which covers their
initial cost of installing energy saving mechanisms at their dwellings. Assuming
the energy saving mechanisms used here are micro-CHPs, consumers will own and
operate these units. They are then able to repay the loan through the stream of
savings that they achieve over a certain predetermined time or the lifetime of the
mirco-CHP.
There are several objectives for providing this financial support. For the UK
government, the main reason will be to reduce CO2 emissions in the domestic sec-
tor. The second reason might be to help improve energy efficiencies in domestic
dwellings which leads to less energy consumption. This not only lowers the energy
bill for consumers, but helps in tackling fuel poverty. Thirdly, these schemes are
necessary at the beginning of the commercialisation of emerging technologies in or-
der to allow early adoption which will hopefully begin the path towards economies
of scale. Varied financial support will enable a range of different technologies to
be available, meeting the needs of different domestic consumers. Lastly, as the
UK moves towards having SmartGrid, these policies could drive the adoption of
new technologies that form part of the change in the generation mix and demand
pattern of electricity in the UK. The description of the three policies (LCBP, BSS
and FiT) as well as the possible scheme for PAYS will be presented. Although
LCBP is not operational currently and PAYS is still in the inception stage, they
are included for the purpose of comparison of the different types of micro-CHP
support schemes in the UK.
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5.1.1 Low Carbon Buildings Programme (LCBP)
The initial LCBP scheme had huge amounts of financial grants available for energy
saving measures or installation of distributed generators, especially solar photo-
voltaic panels, which were up to £15,000 [15, 145]. However, as the scheme pro-
gressed in time, the value of the grants available decreased to a maximum value
of £2500 for domestic energy saving devices (including micro-CHPs). As FiT was
introduced in 2010, LCBP support for electrical microgneration, i.e. micro-CHP
was discontinued. However, for the purpose of this study, it is assumed that capital
grant of £2500 is given for each unit of micro-CHP installed in the UK.
5.1.2 Boiler Scrappage Scheme (BSS)
The BSS targets consumers who have low efficiency boilers. Boilers are rated
according to their efficiencies, from A-rated2 to G-rated3 [146]. When consumers
replace their less efficient G-rated boilers for very efficient A-rated one (which can
include micro-CHPs), they receive £400 to help them with the cost of their boiler
replacement [147]. The total amount allocated for this scheme is £50 million which
is only sufficient to support 125,000 boiler replacements.
Consumers apply for grants as soon as a policy like the BSS is implemented to
secure the funds because these are allocated in order of first come, first serve basis.
According to Noam Bergman and Christian Jardine [148], the limit of the number
of vouchers available under any scheme creates ‘panic buying’. This creates a
surge of applications. Obtaining vouchers allows consumers to claim the benefit
when they decide it is needed. Therefore, the voucher acts as an insurance if they
decide to replace their boiler in the future. In the past, through the LCBP, many
consumers rushed to secure the capital grant but then quite a number of them
missed the deadline for cashing in their vouchers and hence lost out [148]. This
not only represents a loss to the consumer, but also to the government for all the
resources that went into approving the applications and managing the scheme.
2A-rated refers to boilers with more than 90% efficiency according to the SEDBUK rating
3G-rated refers to boilers with less than 70% efficiency according to the Seasonal Efficiency
of Domestic Boilers in the UK (SEDBUK) rating
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5.1.3 Feed-in Tariff (FiT)
The UK government introduced FiT for electricity produced by microgenerators
in April 2010 [19]. Consumers with gas-fuelled micro-CHPs also benefit from these
tariffs. For micro-CHPs, the FiT starts at 10p/kWh for every unit of electricity
generated on-site. Excess electricity produced, which is then exported to the grid,
will be rewarded at 3p/kWh [19]. These tariffs will be adjusted for inflation and
will be increased if retail prices for electricity go up in the future [19].
David Toke et al.[61] argued that guaranteed long term cash inflow should be pro-
vided and recommended fifteen years as the appropriate duration for a support
scheme such as the FiT. This is because consumers need a degree of certainty
of recouping their initial investments. This is especially true in the case of mi-
crogenerators that depend on government support in order to make these units
economically feasible for domestic consumers. It is assumed that micro-CHPs have
a lifespan of ten years, which is similar to that of a boiler, and hence that duration
might be a good start for most consumers. The FiT scheme will operate for ten
years and only the first 30,000 customers can sign up to participate in this scheme
[19].
To be part of the FiT scheme, there will be additional metering requirements.
There needs to be three sets of metering for electricity; electricity imported, elec-
tricity generated and electricity exported. Since electricity imported is already
metered, two additional meters will be required. Needless to say, metering for gas
usage is also key but that is already in place. Although the UK government is
planning to install smart meters in all domestic homes by 2020, the additional
meters will be necessary for consumers deciding to get a micro-CHP prior to hav-
ing a smart meter installed in their dwelling. In the future, it is important that
the smart meters installed provide the functions that will enable consumers to be
compensated via the FiT scheme and any schemes in the near future to support
microgeneration.
5.1.4 Pay As You Save (PAYS)
When only FiT is implemented, consumers might have the same problem where
they are faced with high initial cost when deciding to purchase a micro-CHP
unit. In the absence of capital grants, the objective of the PAYS scheme is to help
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consumers pay for the upfront cost of the energy savings mechanism, i.e. insulation
or microgenerators. This support in the form of ‘loan’ can be recovered through
the savings that the domestic consumers will make over the years in which their
device operates. The PAYS scheme could avoid or limit the amount of upfront
cost that the consumers need to bear. So, who will provide the financial support?
One suggestion is to have the upfront cost being borne by the local council or a
third party company, where the costs can then be recouped through the financial
savings from the consumers’ energy bills over the years. The exact structure for
the PAYS scheme has not been drawn up yet the UK. However, initial plans have
been discussed in the report produced by the UK Green Council [149].
Figure 5.1: Example of PAYS scheme, showing the different parties involved,
and the monetary movement. Adapted from [149]
Figure 5.1 shows a possible structure of providing financing for any energy saving
device. The flow of payments, advice given and micro-CHP are shown alongside
the parties that would be potentially involved. When consumers have decided
to replace their boiler, they need to be advised by trusted sources, which can be
energy suppliers, government agencies such as Energy Savings Trust or even the
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installers of microgenerators. This is necessary for the consumer to identify a
microgenerator that suits their needs and can result in sufficient saving in order
to cover the initial cost. The saving potential is important in order for a finance
provider to be confident enough to provide loans, of which these consumers have
the capability to pay back over time. Through the PAYS scheme, a third party
finance provider will provide financial support to cover the initial cost which will
be paid to the micro-CHP installers. These certified installers will take a portion
of the payment for their installation services and pass the capital cost on to the
manufacturers.
Consumers with micro-CHP will then sign up to be part of the FiT program and
hence benefit from a lower energy bill in the coming years. The PAYS charge or
repayment should hinge on the fact that consumers are saving on their energy bills
and ideally it should be the difference between the current bill and the amount
that they pay when they have micro-CHPs. However, there are many ways in
which the repayment values can be determined. One way is to use the traditional
loan repayment method, where pre-determined PAYS charge (fixed payments) are
paid together with the bill to an agent (local council/energy management compa-
ny/supplier). Another method is to enable the agent to keep the FiT payments
received by the domestic dwelling, and the consumers carry on paying their bill
based on electricity and gas usage and the corresponding energy prices at that
time. The second method enables consumers to benefit, by switching to a high
proportion of gas bill (cheaper bills) for their energy bill. Repayments are consol-
idated for the large number of consumers through the billing process. A portion
of the repayment will be kept for administration purposes and the rest channelled
to the third party finance provider as the repayment of the loan.
The exact structure of the financing of this third party finance provider is still un-
known. The Green Investment Bank Commission, in its report issued in mid-2010
recommended several options for financing investments [150]. However, small scale
project financing does not seem attractive for many of the financial institutions.
Therefore, a third party finance provider must be able to have either a large con-
sumer base or a large and varied portfolio of project financing which might include
commercial and industrial sector as well. If the Green Investment Bank (GIB) gets
to be setup in the UK, financing micro-CHPs under PAYS scheme will be easier
as this bank will finance many projects that meet the objective of reducing CO2
emissions. The GIB can obtain funding from a variety of sources, which include
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loans from private financial institutions, equity investment from private investors,
issuing green bonds, establishing green Individual Savings Accounts (ISAs) or a
levy4 on energy bills [150]. The Department for Business Innovation and Skills
(BIS) has established an Advisory Group to set up the GIB and determine its
strategic direction, after it has been approved in the Budget 2011 [151]. The po-
tential funding sources can be found in the report by the Green Investment Bank
Commission [150].
With the PAYS scheme, a few issues need to be addressed in order to make it a
working structure. Firstly, it is important to determine the value of the regular
payments. Secondly, if treated as a loan, consumers will be reluctant to join the
scheme, and therefore there should be a guarantee that the maximum payments
will be less than the amount that they would otherwise pay for their energy bill,
without any new device or energy saving mechanism. The duration of payment for
this loan should coincide with the lifetime of the micro-CHPs, if not lower. When
devising the repayment structure, the finance provider need to estimate the rate of
return required in order to make the loans feasible for both parties. These issues
will be investigated over several scenarios to gauge the maximum capital cost of
a micro-CHP unit that can be afforded by the different UK consumers. Although
repayments can be done on a monthly basis, it is assumed that the repayments by
the consumers will be adjusted to annual basis to simplify calculations.
Currently, PAYS schemes are being trialed in five hundred homes in a few selected
areas of the UK, which include Sutton, Sussex, Surrey and Birmingham [136]. Run
by the Energy Saving Trust, the PAYS trial programmes were launched to help
consumers improve the energy efficiency of their homes. After the dwellings are
assessed, suitable energy saving mechanisms are recommended. Besides improving
the insulation, recommendation can include a replacement of the conventional
boiler with a more efficient one - this is where micro-CHPs can fit in. With £4
million (half in 2009/2010, and the other half for 2010/2011) directed towards this
initiative, the outcome will give a better idea of the viability of different financing
methods and as well as see the relationship between the savings achieved and the
repayments made. Issues and problems with this kind of scheme will be clearer
4‘For example, as an alternative to the current CERT supplier obligation, which is paid
through energy bills and costs on average £35 per household, there is a good case for the
implementation of a specific levy on energy bills. As CERT is phased out in 2012-13, the money
it raises could be replaced by another charge set at a similar level to part fund the activities of
the Green Investment Bank.’ [150]
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upon the completion of the trials. The experience will be beneficial and will
establish if it is viable for a private finance provider to be involved.
5.2 Scenarios
To compare the different policies for microgenerators in the UK, a few metrics
will be investigated. Firstly, the financial cost that the UK government needs
to support these schemes will be evaluated. Secondly, the range of capital cost
that consumers can afford will be investigated. Following that, the CO2 emissions
reduction potential of the micro-CHPs under the different scenarios will be looked
at. The lifetime of the micro-CHP is assumed to be between ten and fifteen years.
For all the cases, similar rates of return to those in Chapter 4 were used, 0%, 5%
and 10%. It was assumed that the repayment values will be a percentage of the
savings that consumers achieve, when compared to the reference case.
With most policies, there are always constraints and in these cases, there is either
a limit to the total amount of subsidies/grants or a limit to the maximum number
of units that can be supported. In order to compare the policies, one constraint
needs to be chosen. Under the FiT policy, 30,000 micro-CHPs will be supported.
Therefore the number of micro-CHPs supported will be set to 30,000 and set as
the constraint in the analyses carried out as a base case to provide consistency of
analysis across all the different policies.
Under the BSS, only replacement of low efficiency boiler will be compensated and
therefore a separate analyses will be run with boiler efficiency of 70% to investigate
the benefits of this scheme in terms of CO2 reduction. From the cost point of view,
it is fixed at £400 per unit, which translates into 12 million for 30,000 units.
Four scenarios were formed from two choices of support policy (LCBP and FiT)
and two energy tariffs (AP and RTP), as summarised in Table 5.2. The amount
received by the domestic consumer for electricity exported to the grid is represented
as a negative cost.
The comparison of policies will be performed by evaluating the capital cost that
consumers can afford, given the savings that they can achieve from the running of
their micro-CHPs. The capital costs that are derived will be the net value of the
revenues.
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Table 5.2: Gas and electricity prices under the different pricing schemes [19,
113]
Policy Pricing Cost per unit (p/kWh)
Scenarios Scheme Gas Electricity Electricity Electricity
imported imported exported generated
LCBP
AP 3.88 12.68 -3.00 -
RTP Variable Variable -3.00 -
FIT
AP 3.88 12.68 -3.00 -10.00
RTP Variable Variable -3.00 -10.00
Some of the analysis will be investigating break even capital cost using different
rates of return. The break even capital cost for a micro-CHP unit, CCC refers to
the maximum value of micro-CHP (above that of a boiler) that consumers can
afford given the savings they make year on year, over the lifetime of the device, L
which is discounted back to present value.
CCC = [
CAOref − CAO
(1 + r)1
+
CAOref − CAO
(1 + r)2
+ ...+
CAOref − CAO
(1 + r)L
] (5.1)
To analyse the impact of the various policies, the following will be investigated:
1. The total cost to implement each of the policies, to support 30,000 units of
micro-CHP will be compared.
2. The break even capital cost for consumers, under the different policy support
scheme will be investigated. The suitability of each of the schemes with
respect to the different micro-CHP technologies and the different domestic
dwelling will be discussed.
3. The effect of the lifetime of the micro-CHP on the value of the break even
capital costs for consumers will be analysed. Here, two lifetime duration of
the micro-CHP was assumed; ten years and fifteen years.
4. The effect of the varying repayment values on the break even capital cost for
consumers will be discussed. Conversely, the amount of savings or ‘profits’
that consumers benefit from using these different repayment values will be
looked at.
5. The cost per kilogram of CO2 reduced under the different policy implemen-
tation will be compared.
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The values of key parameters to be used in the analyses are shown in Table 5.3.
Table 5.3: Reference values for the various support schemes
Issue Value used
LCBP grant £2500/dwelling
BSS grant £400/dwelling
Number of units supported 30 000
Lifetime 10 and 15 years
Repayment values 70% - 100%
Rate of return 0%, 5% and 10%
Boiler reference case 86% and 70%
5.3 Results
Using the cost-minimisation unit commitment despatch described in Chapter 3,
four scenarios were tested for the sample domestic dwellings and the average annual
saving computed in order to quantify the impacts identified in Section 5.2.
5.3.1 Total Cost of the Support Schemes
For one-off schemes, supporting upfront cost, such as the LCBP and BSS, there
will be a huge amount of money allocated right at the beginning of the scheme.
On the other hand, supporting domestic consumers with the operational cost via
the FiT scheme will enable less allocation of money for this scheme upfront. In
order to compare the cost of the different schemes on a fair basis, the cost needs
to be discounted back to the present value.
The comparison of the cost of the schemes is shown in Figure 5.2. Fixing the
number of micro-CHP supported to 30,000 units 5, brings the cost to £75 million,
when the subsidy per unit is £2500. The energy price scheme does not make a
difference to the cost under LCBP since only the initial cost is subsidised. On the
other hand, with FiT, the final cost changes with both the level of rates of return
and the energy pricing scheme (AP or RTP). Higher rates of return result in lower
overall present total cost. This is because the expenditure in future years will be
lower when discounted to the present value due to inflation.
530,000 units of micro-CHP are supported under the FiT scheme and the scheme will be
reviewed after 18,000 units have been installed [19]
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Figure 5.2: The weighted average cost to provide capital grant (LCBP) which
is a fixed amount and operation support (FiT) for 30,000 micro-CHP units over
ten years. The value for LCBP support is shown by the orange line and the
values for the varying FiT support are shown in the bar charts.
FiT allows staggered payments, which lowers the burden during the early years of
the scheme. In this analysis, it is estimated that the FiT scheme will in total cost
between £9.6 million and £211.3 million for ten years support. The lower costs
corresponds to the engine based micro-CHP at a high rate of return whereas the
higher costs corresponds to fuel cell based micro-CHP at a lower rate of return.
The total cost will be somewhere within this range as it primarily depends on two
factors; the uptake of each of the micro-CHP technologies; and the growth in the
economy (which affects the rates of return).
The LCBP might prove to be a more expensive scheme if there is a higher of
uptake of engine based micro-CHPs among domestic consumers. In terms of im-
plementation, LCBP will be an easier scheme to manage because the provision of
subsidy, in terms of the amount and period in which is it awarded, is fixed. Also,
the payment of the subsidy is straight forward - only one payment per customer
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is required. In addition, the budget for this scheme can be fixed at the beginning
of the scheme. One drawback to this scheme is that capital grants might provide
less incentive for consumers to actively seek to gain more saving, seeing that con-
sumers are compensated upfront, almost receiving a ‘free’ micro-CHP unit, if the
upfront cost of the device matches that provided by the grant.
The total cost will be higher with FiT if more fuel cell based micro-CHP are
installed. It is also necessary to record the electricity generated, imported and
exported separately, as they are rewarded/charged at different rates, so additional
metering costs are incurred. Besides requiring streams of payments over time, the
management of the FiT subsidy scheme is more complex. Moreover, the budget for
this scheme has to be an estimation and cannot be predicted precisely in advance.
However, consumers might have more incentive to generate more electricity when
they are enrolled in the FiT scheme to ensure they receive higher subsidies.
Lower financial support geared towards on microgeneration, whilst achieving the
intended objective, is generally desirable as this will allow funds to be channelled
into other projects. However, the objective is not to spend the least amount of
money in implementing these schemes, but to ensure that domestic consumers with
small scale low carbon generators are guaranteed payments for the clean electricity
generated to encourage adoption and increase consumers’ awareness.
5.3.2 Micro-CHP Capital Cost Affordability
Although there are financial support, consumers will still have to bear part of the
financial cost of acquiring and operating micro-CHPs. Being rational consumers,
they would at least want to break even6, if they are not able to make a profit
from this investment. As confirmed in Chapter 3, the adoption of these units
will be more beneficial for larger houses, with high heat and electricity demand
as well as good coincidence ratios7. These are the main factors that contribute
toward achieving high savings compared to the consumers’ previous energy bills
[32, 97, 112].
6Break even here refers to the consumers being able to pay back their capital cost in the
lifetime of their micro-CHP unit.
7Good coincidence ratio refers to the value similar to the HER of the micro-CHP unit
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5.3.2.1 LCBP and FiT
Figure 5.3 shows the capital cost that can be afforded by the average dwelling under
the different policy support schemes as well as pricing schemes. The LCBP allows
consumers with average demand to own and operate micro-CHPs if prices were
between £3,000 to £5,400 for engine based systems and between £3,500 to £6,000
for fuel cell based systems. Within those ranges, the higher costs corresponds to
RTP and the lower, AP. For FiT, the range of possible costs is wider. It can
be seen that the capital cost for engine based micro-CHP, especially SE is much
lower, ranging from £900 to £2,400. The capital cost affordability of ICE based
micro-CHP can be as high as £6,600. However, for fuel cell based micro-CHP,
the range of possible capital cost affordability is much higher than that of LCBP,
reaching £10,600 for the SOFC based system. FiT combined with BSS gives the
maximum support using RTP, at the highest cost achievable, of nearly £11,000
for SOFC-based micro-CHP, for an average dwelling at 0% rate of return.
The estimation achieved during this analysis represents the affordability of a micro-
CHP unit from the point of view of consumers residing in a dwelling with average
demand. Therefore, if the cost of purchasing a micro-CHP is below those estimated
above, it is assumed that more than half of the dwellings in the UK can afford to
adopt them.
In the past, a capital cost of micro-CHP, given mass adoption was estimated to
be £3,000 [36, 67, 112]. Using £3,000 as a reference cost supported by schemes
such as the LCBP and FiT, most UK consumers can afford to adopt a micro-CHP,
reach break even within the lifetime of the system and make a profit out of their
investment.
The capital cost that the consumers with average dwellings can afford is a useful
indicator. However, those who are likely to adopt micro-CHP units will most likely
be consumers residing in dwellings with above average demand for energy. These
consumers will be able to afford a micro-CHP at a higher capital cost. Therefore,
it is also necessary to gauge the capital cost that consumers from the different
dwellings can afford. Figure 5.4 shows the range of capital costs that consumers
from the range of dwellings investigated (at 5% rate of return) can afford.
The maximum values for the capital cost affordability for the different schemes
and micro-CHP technologies are between 21% and 100% more than the average
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Figure 5.3: The capital cost of micro-CHP that can be afforded by the av-
erage dwelling, given the support provided through capital grant (LCBP) and
operation support (FiT).
costs. The maximum capital cost affordability varies a lot with the type of micro-
CHP technology. In terms of comparing support schemes, FiT enables consumers
to afford all micro-CHPs except SE, at higher initial cost (for both AP and RTP
cases). LCBP seems to be a better option for the consumers choosing to purchase
SE based micro-CHP. This is mainly because the savings achieved with SE is much
less than that of the other technologies due to its high HER. Therefore, a fixed
support scheme such as the LCBP will work better for consumers opting to adopt
SE based micro-CHPs.
5.3.2.2 Micro-CHP Lifetime
The estimates of capital cost affordability were repeated for an assumed lifetime
of the micro-CHPs of fifteen years. With a longer lifetime, the returns are higher.
However the additional five years do not give much of a boost to the capital cost
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for micro-CHPs that consumers can afford. Assuming that the FiT support is for
ten years, the saving from the final five years is significantly less. Discounting
the annual savings to the present value diminishes the value further, making the
capital cost affordability for the fifteen years lifetime only slightly higher than that
of the ten years lifetime. Using the same rates of return, the maximum capital
cost was evaluated for the different support schemes. Figure 5.5 illustrates the
percentage of increase in the average capital costs for the different support scheme
and micro-CHP technologies that consumers can afford, when the lifetime of the
device is assumed to be 50% longer. This illustrates that consumers can afford
to own a micro-CHP at only marginally higher capital costs, when the lifetime is
longer.
From Figure 5.5, it is clear that FiT provides a higher percentage change in the
value of capital cost that can be afforded for SE. However, under the initial con-
ditions, SE had the lowest capital cost affordability to begin with, which makes it
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Figure 5.4: The capital cost that can be afforded by consumers from the
range of dwellings investigated, given the support provided through capital grant
(LCBP) and operation support (FiT)
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Figure 5.5: The percentage of increase in the average weighted capital cost
affordability of consumers for the different technologies, under the different sup-
port schemes assuming that the lifetime of the micro-CHPs is fifteen years com-
pared to the initial ten years.
easier to have a high percentage change in cost. For the other three technologies,
there is a larger percentage of increase in capital cost affordability with capital
grant under LCBP. In general, taking a 5% rate of return, the increase of capital
cost affordability is between 8% and 18% for LCBP, whereas for FiT, it is be-
tween 9% and 27% for the the different technologies (considering AP and RTP).
Therefore, consumers can afford to purchase micro-CHP units at higher prices if
the manufacturers can guarantee that the units sold have longer lifetime, whilst
having acceptable levels of performance, i.e. stable efficiencies.
5.3.2.3 Repayment Value for PAYS and Savings for Consumers
In order for consumers to purchase micro-CHPs through the PAYS scheme, they
will have to pay back the loan from the savings they make through their energy
Chapter 5. Comparison of policies for micro-CHP support in the UK 151
SE ICE PEMFC SOFC0
500
1000
1500
2000
2500
3000
3500
Pr
of
it 
(£
)
AP
SE ICE PEMFC SOFC0
500
1000
1500
2000
2500
3000
3500
RTP
 
 
90% Repayments 80% Repayments 70% Repayments
Figure 5.6: The profit for an average household for the different technologies,
under the different repayment rates
bills over time. However, paying 100% of their savings to service the loan will not
be appealing for consumers as there is no net benefit for them. Therefore, using
repayment values as a percentage, i.e. 90%, 80% and 70% of the savings, could be
an option. Results show a linear relationship between the percentage of repayment
value and the cost of the micro-CHP that can be afforded. So, for a 90% repayment
value, the consumers can afford a micro-CHP at 90% of the maximum capital cost
that can be afforded, as investigated in the Subsection 5.3.2.1. The smaller the
repayment values, the lower the maximum capital cost of the micro-CHP that
consumers can afford to invest in.
With less than 100% repayment value of a ten years loan, consumers will retain a
certain percentage of their savings every year and the full amount of their savings
after the ten years period. The repayment schemes will enable consumers to get
a certain amount of ‘profit’, without having to bear any upfront cost. The NPV
of the returns for the consumers are shown in Figure 5.6.
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For consumers with dwellings that have average energy demand, adopting SOFC
based micro-CHP units can potentially bring a profit of between £800 and £3,200
(within the range of AP and RTP). On the contrary, if the same consumers own
SE, the amount of profits fall dramatically to values between £100 and £700.
ICE and PEMFC micro-CHP owners will earn something in between those two
extremes of the SOFC and SE based micro-CHP units.
From the consumers point of view, this is an excellent risk-free investment. By
replacing their boilers with new micro-CHP technologies, which are simultaneously
supported by both the PAYS and FiT schemes, consumers can reduce their energy
bills whilst making a difference to the amount of CO2 that they emit, without
having to bear high initial costs to purchase the micro-CHPs.
For companies planning to give loans under the PAYS scheme, with profit in
mind, they should aim to target consumers with high demand and high saving
potential. The finance provider in the PAYS scheme will have to bear the risk and
therefore have to evaluate the feasibility of adopting micro-CHPs in the respective
dwellings, to which they would provide loans for. In choosing the micro-CHP
technology, fuel cell based micro-CHP systems should be preferred as they have
in the analysis, proven to provide better and faster returns. However, the lifetime
of these devices are not certain due to the start/stop cycling of the fuel cells 8.
Hence, when making these investments, it is in the best interest for the companies
to recoup investments earlier on and maintain either a constant repayment or
proportionally decreasing repayment rates9. The analyses were done based on
annual repayments. In practice however, consumers are most likely to be paying
their energy bills on a monthly basis. This will in theory bring about a faster
returns to the finance provider. However, there might be higher administration
costs due to the increase in frequency of transactions.
5.3.3 CO2 Emissions Reduction
The CO2 emissions for all the dwellings are not influenced directly by support
schemes that involve capital grant. The operation, which is the production of
8Start/stop cycles in fuel cell based systems will cause a higher degradation rate of the systems
and efficiencies will drop of the years causing a shortened lifetime [152].
9Decreasing repayment rates refer to payments that are initially high, but decreases over
time. This will speed up the recoupment of the capital cost for the finance provider.
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electricity on-site to displace some of the electricity from the grid is the contribut-
ing factor to the reduction in the CO2 emissions. On the other hand, operational
supports such as the FiT, can influence the electricity production which could
reduce the level of CO2 emissions. Here, the affect on the emissions when the
different micro-CHP operate based on FiT (with AP and RTP) is compared to
operating the micro-CHP without FiT. The average (across the sample dwellings)
CO2 reductions for the different technologies, operating under the different oper-
ating pricing schemes are shown in Table 5.4.
Table 5.4: Average CO2 reduced across the dwellings in the UK, for the
different micro-CHP technologies, under the different pricing schemes. Two
reference boiler cases were used for comparison.
Technology Policy
CO2 Emissions
Reduction (%)
ηB = 86% ηB = 70%
AP RTP AP RTP
SE
None 1.7 2.2 12.3 12.7
FiT 2.5 2.5 13.0 13.0
ICE
None 19.1 20.3 27.7 28.8
FiT 20.1 20.4 28.6 28.9
PEMFC
None 20.0 23.1 28.5 31.4
FiT 24.1 24.1 32.2 32.2
SOFC
None 21.9 23.6 30.3 31.8
FiT 27.3 27.3 35.1 35.1
In general, SE based micro-CHP have the lowest average reduction in CO2 emis-
sions, across all cases. The differences between the CO2 emissions reduction for
the scenarios in which AP and RTP were used, were not huge. In fact, it was
almost identical in the FiT scenarios, where the decision on whether to generate
on-site was influenced mostly by the FiT, which compensates consumers even for
generating electricity for their own consumption. Compared to the scenarios with
no additional pricing support, the scenarios with FiT definitely have larger reduc-
tions in CO2 emissions. This is more apparent for the fuel cell based micro-CHP
systems. For instance, the improvement in CO2 emissions reduction when using
SOFC was between 3.3% to 5.4% in the FiT scenario compared to the scenario
where there is no support. For the reference boiler efficiency of 70% (in the case
of BSS scheme), the average CO2 emissions reduction increased by at least 7.8%
compared to boiler efficiency of 86% for all the scenarios.
Given that one of the major government objectives in incentivising the uptake of
microgeneration is to reduce CO2 emissions, it is important to see cost of these
Chapter 5. Comparison of policies for micro-CHP support in the UK 154
support schemes relative to the CO2 emissions reduction achieved. Table 5.5 shows
the average costs for a kilogramme of CO2 reduced, across all the dwellings and
the four different micro-CHP technologies.
Table 5.5: Average cost per kilogram of CO2 for the different schemes. Varying
required rates of return (0%, 5% and 10%) and ten years lifetime of the micro-
CHP are assumed.
Policy Pricing
Reference Case Boiler Efficiency
86% 70%
Rate of return (0% to 10%)
LCBP AP £0.24 - £2.88 £0.15 - £0.38
RTP £0.23 - £2.39 £0.15 - £0.37
FiT AP £0.21 - £0.66 £0.23 - £0.64
RTP £0.05 - £0.37 £0.05 - £0.42
The cost per unit of CO2 reduced ranges from as low as £0.05/kgCO2 to £2.88/
kgCO2, depending on the type of technology, the type of dwelling, the pricing
scheme applied and the supporting policy scheme. FiT with RTP provides the
best outcome overall. For the 70% boiler efficiency reference case, the general
amount of CO2 emissions reduced is higher in all cases and hence the cost per
unit of emissions reduced tend to be lower. The costs of CO2 emissions is higher
with the LCBP scheme compared to the FiT scheme. This is mainly due to the
fact that FiT is awarded based on the amount of electricity produced and hence
there is a correlation between on-site electricity generated and the reduction in
CO2 emissions.
The lower end of the emissions cost for all the different policies and pricing schemes
is between £0.05/kgCO2 and £0.24/kgCO2. This translates into £50 to £240 per
tonne of CO2 reduced, which is very high compared to the cost of trading a tonne
of CO2 in the carbon trading market10. At the other extreme, £2.88/ kgCO2
translates into £2880/ tonne of CO2 reduced, which means that the dwelling
managed to reduce less than a tonne of CO2 over the ten years. This is a very
unfavourable result and this dwelling is an example dwelling that should not adopt
a micro-CHP. When looking at the maximum CO2 reduction possible and the
cost to abate that, the minimum cost per tonne of reduced is £4, which makes
it feasible. However, this refers to the dwelling with reference boiler of 70%. In
10The average price in September 2011 for one tonne of CO2 traded on the EU Emissions
Trading Scheme is less than £12.50 [153]
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any case, dwellings with potential to reduce should be encouraged to adopt micro-
CHPs.
When comparing the different micro-CHP technologies, SE consistently performed
the worst in all the scenarios. If the micro-CHP lasts longer than the ten years, the
cost per kilogram of CO2 reduced through the different policies could be brought
down further.
In general, dwellings that currently have boilers with low efficiency should be the
target support group, allowing improved energy use as well as cheaper cost per
unit of CO2 emission reduced for the government. Consumers with lower efficiency
boilers will benefit the most from dramatic reduction in their energy bill and the
higher reduction in CO2 emissions, once they switch to higher efficiency micro-
CHPs.
5.4 Discussion
The take up and integration of micro-CHPs depend a lot on the financial support
provided by the government. The initial uptake needs encouragement as with any
immature or emerging technology, in order to achieve effective penetration through
the consumer market. Therefore, upfront cost support (provided by schemes such
as the LCBP and the BSS) are necessary to get consumers, especially those not
in the innovators segment of the diffusion of innovation curve, to be open to
alternative boiler technologies such as micro-CHP systems.
Supporting the upfront cost does not guarantee optimal use of the device by the
consumers. For the case of micro-CHPs, the capital grant provision might not
be sufficient to cover their initial cost. In order to enable constant operational
support over the years, FiT was introduced in the UK in April 2010. When FiT
is applied, the annual potential savings achieved by consumers increased. The
total cost of the FiT scheme will depend on the type of consumers that decide to
adopt the scheme. Unlike the LCBP and BSS which have fixed allocated sum per
household, dwellings that need higher financial support can escalate the cost of
the FiT scheme and this can potentially push the values to exceed £200 million
over the ten-year duration of the scheme.
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In a like for like comparison, where 30,000 units of micro-CHPs are supported via
different schemes, FiT was found to be the cheaper support option compared to
LCBP, in the case of engine-based micro-CHPs. However, when fuel cell based
micro-CHPs are considered, FiT is a more expensive scheme. This is mainly due
to the fact that FC-based micro-CHPs produce more electricity for every unit
of heat generated compared to their engine-based system counterparts. Since
electricity generated are compensated within the FiT scheme, this will lead to a
higher overall cost of the scheme. Therefore, it cost more to subsidise the better
micro-CHP system, in the case of the FiT, whereas the opposite is true for LCBP.
The retail prices for electricity and gas were kept constant throughout the analysis
over the ten and fifteen years periods. The retail price per kWh of electricity
imported could have an upward tendency in the future. Therefore, consumers
with micro-CHP have the ability to mitigate some of that increment in prices of
electricity imported from the grid by generating electricity on-site.
The control strategy used for the analyses carried out was based on operating
the micro-CHP using ‘least-cost’ method whilst fulfilling the heat and electricity
demand at every time step. If consumers operate their micro-CHP differently,
there are concerns that consumers might produce higher heat in order to take
advantage of the FiT paid for electricity generated on-site. This could cause the
average temperatures in UK houses to rise, effectively reducing or nullifying the
effect of CO2 emissions reduction achieved in the first place. No limits are in
place on to the support given to each dwelling, enabling them to generate and
either increase their indoor temperatures or to open the windows and let heat
escape, leading to wastage of heat. As the HER value of the micro-CHP decreases,
especially with the cases of fuel cell based micro-CHPs, generating more electricity
and wasting heat could become more economical, providing higher financial gain
to the consumers.
The cost for the implementation of the different support schemes in terms of
reduction in CO2 emissions is extremely high. However, the dwellings chosen to
install micro-CHPs have been on the basis of economics, i.e. the savings achieved
needs to be sufficient in order for consumers to invest in micro-CHPs. If the main
objective is to cut CO2 emissions, dwellings with the highest potential to reduce
CO2 emissions whilst able to achieve reasonable savings, should be the encouraged
to adopt micro-CHPs.
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There is still a debate as to who should own a micro-CHP based on viability in
terms of economical feasibility for the consumers (maximum capital cost that can
be afforded) and financial cost to support this. For now, these policies are in
place to encourage ongoing installations of micro-CHPs and other microgenera-
tors at domestic dwellings. Therefore, the agents providing advice to consumers
regarding energy efficiency mechanisms should carry out thorough analyses and
only recommended installation of micro-CHP to those dwellings assumed to be
suitable. In this case, suitability refers to those dwellings able to reduce CO2
emissions substantially with micro-CHP, when compared to their reference case.
These dwellings will also have the potential to achieve savings that are sufficient
to cover the initial cost of a suitable micro-CHP.
For the government and the industry, these support mechanisms do not only cover
the cost of CO2 reduction, but also provide other benefits. The other benefits
include supporting the learning process of the technology which will develop a
know-how and knowledge-based in the UK and providing a platform for innovation
and mass production of micro-CHPs. Moreover, these policies that encourage the
adoption of micro-CHPs are intended to influence domestic consumers to be more
conscious of their energy usage. Although all these benefits cannot necessarily
be measured with exact monetary value, they should be taken into account when
investigating the outcome of the support schemes devised.
Chapter 6
Conclusions
6.1 Summary
The investigation in this thesis employed a cost-minimisation unit-commitment
control strategy as a basis to meet both electricity and heat demand via the com-
bination of a micro combined heat and power (micro-CHP) unit, an auxiliary
boiler, a thermal storage and the electricity grid. Four different micro-CHP tech-
nologies were chosen due to the fact that these technologies have been the most
commonly being developed, studied and adopted as micro-CHPs for residential
use. These include Stirling engine (SE), internal combustion engine (ICE), poly-
mer electrolyte membrane fuel cells (PEMFC) and solid oxide fuel cells (SOFC).
These technologies are currently in different stages of development, with the en-
gine based systems being in field trial stages or commercialised, whereas the fuel
cell systems are either in development or field trial stages.
The main objective of this work was to evaluate the economic feasibility of the
operation of micro-CHPs using real domestic demand data and real time pricing
(RTP). Sample dwellings used in the analysis were obtained from the Carbon Trust
microgeneration field trials in the UK. This different pricing scenarios, average
pricing (AP) and RTP, were used in the daily cost-minimisation control strategy
of the micro-CHP to evaluate the differences in the energy bill savings that can
be achieved. Besides evaluating the potential of micro-CHP in reducing domestic
energy bills, an investigation of the CO2 reduction and peak load reduction were
also carried out for the case of a high penetration of micro-CHPs in the UK.
158
Chapter 6. Conclusions 159
The values used in the analysis were base case values, derived from previous anal-
ysis and characterisation of micro-CHPs. The sensitivity of the savings to changes
in technical characteristics of micro-CHP, were investigated. A range of values of
the different technical characteristics including efficiencies, nameplate capacities,
ramp rates and turndown ratios were investigated to see the impact on the savings
achieved. The majority of the technical parameters do not exhibit high savings
sensitivity. A summary of the effects were presented in Table 4.3. Pay back time
and net present values under variable rates of return and a lifetime of ten years
were used in the analyses to identify the value of capital cost that consumers can
afford.
Besides the monetary sensitivity, the other aspect investigated was the sensitivity
of micro-CHPs’ CO2 emissions reduction. This was done by investigating the ef-
fect of using different grid emissions factor in the UK, assuming that the electricity
grid will be decarbonised further in the long run. In addition, the effect of using
marginal emissions factor (MEF) were considered. MEF rests on the assumption
that the output from the micro-CHP displaces fossil fuel plants, i.e. coal and gas
and therefore micro-CHPs displace the emissions from these plants are. Further-
more, a CO2-minimisation control strategy was implemented instead of the initial
cost-minimisation strategy, using a variable MEF as investigated in Chapter 4.
Recognising that the cost of purchasing a micro-CHP is high, different present and
potential future support mechanisms were investigated. They were split into cap-
ital cost support, which includes the Low Carbons Building Programme (LCBP)
and the Boiler Scrappage Scheme (BSS) and operational cost support, such as
the Feed-in Tariffs (FiT). Pay As You Save (PAYS) is another scheme that could
provide loans for consumers to cover the upfront cost, payable through savings
over time. Although PAYS is yet to be in operation, possible implementation was
looked at to complement the FiT scheme, which is currently being implemented.
The main metrics investigated were the cost to the government to implement these
schemes and the range of capital cost that consumers from the different types of
dwellings can afford. Besides that, the sensitivities of the maximum capital costs
were analysed using different lifetime and repayment rates under the PAYS scheme.
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6.2 Key Conclusions
The savings on domestic energy bills when using RTP, are on average, two or three
times higher than that achieved with AP for the domestic dwellings investigated.
This reduction in annual operating cost can make micro-CHPs feasible and the
economic feasibility increases with lower capital cost and lower expected rates of
return, which agrees with the conclusions of similar work in this field. Besides
that, the reduction in energy cost is more apparent in larger and older dwellings
which are poorly insulated as they have higher heat demand. Subsequently, high
electricity demand and a coincidence ratio that closely matches the heat to elec-
tricity ratio of the micro-CHP are also key factors that help in achieving higher
monetary savings. Although previously heat demand was seen to be the best in-
dicator of the savings achievable, electricity demand is seen to play an important
role in this analysis. Results show a positive correlation between energy saving
and the amount of electricity demanded within semi-detached houses that were in
this study.
From the sensitivity of the energy bill savings to the different technical charac-
teristics, the most sensitive aspect is the nameplate capacity of the micro-CHP
and is ahead of characteristics such as turndown ratios, efficiencies and storage
capacities. Increments of 0.1 kWe of the SOFC nameplate capacity could improve
the annual savings by a maximum of £204 (operated under RTP). Dwellings with
SOFC illustrate higher potential increase savings compared to that achieved by
dwellings with SE, ICE and PEMFC. This goes on to show that the size of the
micro-CHP is important and is a key enabler on the energy bills of the different
domestic dwellings.
Another important technical characteristic, which makes the major distinction be-
tween engine based and fuel cell based micro-CHPs, is the electrical efficiency of
the micro-CHPs. Higher electrical efficiency increases the heat to electricity ratio
(HER) and makes micro-CHP more economical in terms of operational costs. Elec-
tricity imported is the most expensive energy component in the analyses carried
out and therefore reducing this component is key to reducing operating costs. In
general, engine based systems have low electrical efficiency and hence even a small
improvements have a high impact on cost saving as electricity import is displaced.
For fuel cell based systems, which have low HER, increasing the overall efficiency
is more beneficial than increasing the HER. This is because fuel cells are then
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able to increase their heat production, reducing the dependency on the auxiliary
boilers.
Matching the HER of the micro-CHP to the coincidence ratio of demand in the
dwellings can play an important role in meeting domestic energy demand effi-
ciently. However, the premium price of electricity as compared to gas makes it
more feasible for all dwellings benefit from micro-CHP with low HER such as the
SOFC based. Even if access electricity is produced in the dwelling, it can be ex-
ported for an additional 3p/kWh, which improves the economics. Alternatively,
for micro-CHP with higher HER, at times of high electricity demand, imported
electricity prices is too expensive. This is exacerbated at times when heat demand
is low, which in turn lowers the on-site electricity generation.
Producing excess electricity for export was not done for most of the time due to
unfavourable price of exported electricity. When the analysis included electrical
storage, the economic improvement was at an average rate of less than £7 per
annum for a 0.1 kWe capacity of storage. Its usefulness is site-dependent. In the
case of Feed-in Tariffs, it was beneficial to export additional electricity, as the
compensation rate is 13p for a unit of electricity exported. At the moment, there
are no restrictions in terms of import and export of electricity. However, in the
future there might be some limits, which might be translated into time-varying
energy prices and this could in turn could affect the economics of the micro-CHP.
Unlike electricity, the amount of heat that can be produced within a dwelling
is limited by the demand and the thermal storage capacity. Thermal storage is
important in the analysis, allowing more flexibility in the operation, especially for
micro-CHP with high HER. However, the additional benefit gained from increasing
its capacity is small. This is mainly due to the fact that the time duration over
which the thermal storage must be discharged is limited to 24 hours in this analysis.
The main objectives of the support schemes to encourage the adoption of micro-
CHPs is the reduction in CO2 emissions and the reduction in peak demand on
a national level compared to the reference scenario, where electricity is obtained
from the grid whereas heat demand is being provided by a domestic boiler. The
influence of pricing on the amount of CO2 emissions reduction is not as high as
might be expected. The CO2 emissions reduction is mainly determined by the type
of technologies adopted as this determines the proportion of electricity generated
on-site. In this research, the average emissions factor used in the analysis was
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fixed and hence does not take into consideration the time effect of the generation
and the plant directly being displaced. When analysing the results using marginal
emissions factor (MEF), CO2 emissions reductions were found to be higher. In
addition, MEF supports the value proposition of micro-CHPs in mitigating CO2
emissions and meeting the UK government’s objectives of reducing CO2 emissions.
Given that current marginal power plants tend to be fast starting fossil fuel plants,
micro-CHPs are able to displace CO2 emission. However, marginal plants in the
future are still uncertain. If the future marginal plants are hydro, micro-CHPs will
not be environmentally viable. With high penetration of micro-CHP in the UK, the
stochastic nature of their operation might pose problems especially when coupled
with the unpredictable supply from wind power. Despite achieving reduction of
the peak load profile, the outcomes are case dependent. They depend not only
on the penetration of micro-CHPs, but most importantly, on the type of micro-
CHPs and their generating patterns. The generation patterns in turn, depend on
the domestic demand and the capability of the different micro-CHP technology to
follow that demand. This generation will be limited by the technical characteristics
of the micro-CHPs and prices used. Another factor in the peak reduction is the
seasonal energy demand variation. In the UK, there will be more demand for heat
and electricity (for lighting) during the colder seasons and hence micro-CHPs will
be in operation for a higher proportion of the time, making the peak reduction
during winter season higher except for the case of SEs. From the research done, it
was concluded that micro-CHPs could contribute to reducing the overall national
peak demand. This occurs in winter, and historically has been between 5.30pm
and 6.00pm, and is largely composed of domestic demand.
Micro-CHPs are expensive and hence consumers need financial support in order
to adopt them. For the government, having multiple support schemes can prove
to be costly. The analyses (based on using real data and implementing the cost-
minimisation control strategy) shows that consumers will achieve higher savings
with FiT which provides ongoing operational cost support compared to the fixed
capital grants like the LCBP or the BSS. Depending on the capital cost of the
micro-CHPs being commercialised, consumers may or may not be able to recoup
their initial costs. Having said that, results show that dwellings with high annual
savings do have the potential to break even within the ten-year lifetime of the
micro-CHPs.
The Pay As You Save (PAYS) scheme can provide an alternative by which capital
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financing can be provided. With a third party bearing the initial costs, consumers’
repayments via the savings achieved will allow the financier to recoup the costs
and gain a return on their investment. This method would allow the consumers to
adopt a micro-CHP, risk-free and also make some profit out of this. However, the
finance provider needs to devise appropriate payment mechanism to recoup their
costs, repay their financing sources and still make a profit.
The cost of CO2 emissions reduction could be used as a tool for comparison be-
tween the different support schemes. Results show that the average cost of the
policy when used to measure tangible reduction of CO2 emission is £50 per tonne
of CO2 reduced at the lower end, under FiT with RTP. This cost is really high
compared to the price of carbon traded in the market of under £13/tonne of CO2.
Although this is high, the schemes and dwellings with relatively low cost of CO2
emissions reduction can bring a certain amount of other benefits. Those dwellings
that result in relatively low CO2 emission reduction and at high cost should have
their support reconsidered or diverted to other microgeneration options. The max-
imum reduction costs £4/tonne of reduction. Although in this analysis, an overall
view of the potential dwellings could be observed, in reality the take up of micro-
CHP depends on the consumers. Therefore proper site evaluation needs to be
done and appropriate advice needs to be communicated to the consumers in help-
ing them make their choices to ensure those with the highest potential can fully
extract the benefits that are present.
From a policy stance, a combination of capital and operational support is needed
to give the necessary push for emerging micro-CHP technologies before these tech-
nologies can enter a phase of mass production which will bring economies of scale
and hence a potential cost reduction in the future. The analyses show that the
implementation of FiT is welcomed and this has to be accompanied by a scheme in
which consumers can be assisted in covering the capital costs. The PAYS scheme
needs to be developed in a business manner, whilst maintaining social welfare
in order for this scheme to take off. The analyses have shown that SEs under-
performed all the other micro-CHP technologies. Fuel cell micro-CHPs seem to
fare better in most aspects, except that their capital costs are still high. At the
moment, considering the benefits and cost of the different micro-CHPs, ICEs can
be a good option for adoption, given the appropriate support mechanisms in place.
This technology has a good HER, which matches many of the dwellings in the UK.
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The contribution of ICEs towards CO2 emissions reduction might not be sustain-
able in the long run. In order to comply with strict CO2 emissions reduction target
and enable consumers to meet most of their demand on-site, fuel cells should be
the preferred choice of domestic consumers. In the medium to long term (2020 to
2050), the electricity generation mix in the UK could change and the CO2 emis-
sions from the micro-CHPs could be higher than that from the grid. Employing
micro-CHPs will mean moving from a diverse mix of sources to a dominantly gas-
fired electricity production for the domestic sector. Although more efficient, the
CO2 emissions will still be present and micro-CHPs cannot contribute to having
zero-carbon electricity in the UK. Therefore, these micro-CHPs can serve a useful
purpose of one or two cycles of boiler replacement (around ten to twenty years)
before becoming environmentally unsuitable assuming that we will meet out tar-
gets of reducing CO2 emissions by 80% in 2050. The transition from boilers to
micro-CHP will be relatively straightforward and less of a divergence from what
consumers are used to, given the right control system, communication infrastruc-
ture as well as the willingness of consumers towards becoming more active energy
users.
6.3 Suggestions for Further Research
In this thesis, the time scale used for the cost-minimisation approach was one day
(24 hours). By reducing this total time scale and using more samples, a more
realistic real time cost-minimisation operation would be possible. However, it is
important to note that with different time scale, the constraints of the thermal
storage will change as it will be not feasible to ensure zero storage at the end of a
shorter time period. On this note, possibly extending duration of the storage can
be explored. This can make the operation more flexible and enable higher savings.
However, the losses from charging and discharging of the storage could be higher
as well.
There is a possibility that electric vehicles might take off in the future. There-
fore, the analysis of demand within domestic dwellings could incorporate the need
of charging the electric vehicles to store excess electricity and discharging when
needed. Using RTP, this will allow the electric vehicles to be charged when the
prices are low. In addition, the vehicles can act as electrical storage and poten-
tially supply part of the domestic load, if it has excess after taking into account the
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transportation requirements. The concept of Vehicle to Grid is becoming popular
and is being explored by other researchers whereby electric vehicles could act as
movable storage devices, taking advantage of prices of electricity in the decision to
charge or discharge electricity, from and to the grid, from and to various locations.
Further to this, micro-CHPs can be integrated into a microgrid or virtual power
plant system, where the possibility of full or partial centralised control can be
applied. With this form of integration, locational pricing can be investigated.
With locational pricing, suggestions on changes to the Distribution Use of System
(DUoS) charging could be done, to reflect the time of use of the distribution
network.
From the technical sensitivities, it was identified that capacity of the micro-CHP
is very important in terms of its economical feasibility. There are different sized
micro-CHPs being developed, they are mostly around 1kWe generating capacities,
and a few have higher electrical generating capacity of about 5kWe. However,
it might be worthwhile investigating the suitable sizes as different dwellings have
different needs. For new dwellings developments that plan to install micro-CHPs,
it might be worth to custom build suitable sized devices for the development, which
can lead to better utilisation of energy and ultimately, reduction in operating costs.
In terms of investigation of CO2 emissions reduction, it might be worth simulating
all the UK power plants with their merit order or despatch and see the effect of
micro-CHPs in terms of displacing the marginal power plants. This can also be
done to investigate the economic differences between the distributed micro-CHPs
and the centralised power plants.
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